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Abstract 
 

Investigating the Molecular Mechanisms Involved in the Mechanosensation of Neural Stem 
Cell Differentiation  

 
by 
 

Paola Andrea Lopez  
 

Joint Doctor of Philosophy in Bioengineering with the University of California, San 
Francisco 

 
University of California, Berkeley 

 
Professor Sanjay Kumar, Co-chair 

Professor David V, Schaffer, Co-chair 
 

 

Since it was discovered that neural stem cells (NSCs) have the capacity to self-
renew and produce progenitor cells beyond development, there has been increasing 
interest in harnessing these endogenous processes for repairing the injured or disease 
brain. Specifically, the hippocampus is one of the few areas of the brain that continue to 
produce neurons postnatally. A decrease in neurogenesis in this region of the brain is 
associated with not only aging, but also with a rise in neurodegenerative disorders such as 
Alzheimer’s disease. Elucidating the regulation of neurogenesis is crucial for 
understanding adult brain function, as well as for treating neurodegeneration using cell 
replacement therapy.  

The local microenvironment of the NSCs, also known as the neurogenic niche, is 
composed of a complex network of signaling mechanisms that strongly regulate NSC 
function, and recapitulating this network in vitro is a major barrier to neuronal cell 
replacement therapy. One such signaling mechanism is mechanotransduction of 
biophysical cues from the extracellular matrix (ECM) into cytoskeletal changes that 
influence whether NSCs differentiate into neurons, astrocytes, or oligodendrocytes. 
However, our understanding of the underlying mechanism still largely derives from 
focused studies on a limited set of molecular candidates. Therefore, the focus of my 
dissertation has been on probing mechanosensitive lineage commitment in a more 
unbiased-fashion using high-throughput sequencing technology. 

In the first chapter of this dissertation, I conducted whole-transcriptomic RNA 
sequencing to NSCs cultured on soft (500 Pa) versus stiff (73 kPA) substrates, which we 
previously showed bias NSCs towards neuronal and astrocytic fates, respectively. 
Importantly, we conducted our studies 12-36 hours after cells were seeded and exposed to 
differentiation cues, a window where we have shown NSC fate is maximally sensitive to 
mechanical cues. While we identified a large number of differentially expressed genes in 
NSCs cultured on soft vs. stiff substrates, eukaryotic translation elongation factor 1 alpha 
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1 (eEF1A1) stood out in its high differential expression and established contributions to 
F-actin bundling and protein synthesis. To demonstrate the functional importance of 
eEF1A1 to mechanosensitive lineage commitment, we suppressed its expression with 
shRNAs, which resulted in an increase on both soft and stiff substrates. Rescue of full 
eEF1A1 on top of the knockdowns concomitantly reduced neurogenesis on both soft and 
stiff substrates. We further determined that eEF1A1 is regulating fate commitment by 
controlling Yes-Associated Protein (YAP) levels, and Rho-GTP levels. Thus, eEF1A1 is 
a novel mechanoregulators of NSCs that plays an important role in NSC fate 
commitment.  

In the second chapter, we used the RNA-sequencing results from Chapter 1 and 
determined that substrate stiffness is regulating the usage of different alternative 
polyadenylation sites in the 3’UTR of mRNA during NSC differentiation. This difference 
in usage results in different mRNA isoforms that have the same coding region but vary in 
3’UTR length in NSCs differentiating on soft versus stiff substrates. Interestingly, we 
show that most of the 3’UTR isoforms identified in soft substrates have a longer 3’UTR 
relative to NSCs differentiating on stiff substrates. A longer 3’UTR results in a higher 
chance of the mRNA to degrade in the cytoplasm through microRNA interactions. 
Furthermore, we show that there are higher expression levels of the Cleavage Factor Im 
25 (CFIm25) protein in NSCs differentiating on soft substrates relative to stiff, which 
may be the cause of the difference in 3’UTR length. Lastly, suppression of CFIm25 
suppresses overall neurogenesis, thus establishing its important functional role in fate 
commitment. Overall, this work integrates systems level measurements with biophysical 
approaches to identify the novel roles of eEF1A1 and 3’UTR lengthening and shortening 
in controlling stem cell mechanosensitive lineage commitment.  
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Chapter 1: Investigating the mechanosensation of adult 
neural stem cell differentiation   
1.1. The significance of adult hippocampal neurogenesis 

Within our body, adult stem cells have the ability to replace injured or damaged 
cells to maintain tissue homeostasis.  However, it was not until that scientists discovered 
regions of the brain that contained stem cells (termed neural stem cells) that have the 
ability to generate neurons beyond development and into adulthood. The generation of 
neurons from neural stem cells is referred to as neurogenesis. The first evidence of this 
phenomena was in the 1960’s when scientists injected thymidine-H3 was into young rats 
and found granule cells labeled in the dentate gyrus of the hippocampus1, thus 
demonstrating that there are stem cells within the brain that can self-renew and 
differentiating beyond development. However, this study was met with skepticism, 
mostly due to the lack of understanding as to how this labeling technique work.  

It was not until 20 years later, that scientists used another thymidine analog,  
bromodeoxyuridine (BrdU), in pulse-chase experiments on post-mortem brain slices of 
cancer patients to show adult neurogenesis may occurs2. This discovery shifted the 
central dogma of developmental biology, which had the belief that the generation of 
neurons halted after development. However, some recent work presented data that shows 
neurogenesis does not at all exist in adults.3 This work was met with some criticism as it 
did not discuss patient information nor other possible variables that could result in the 
lack of neurogenesis (i.e. underlying illnesses).4 Furthermore, there was no information 
about how the tissues were preserved, and the timing between sample acquisition and 
labeling as the antigen binding region of cells from brain slices decays rapidly. Thus the 
lack of signal could have attributed to no protein present to begin with.  

Further studies were later conducted to contradict this work5, with the authors 
showing that neurogenesis does persist in adulthood and fully disclosing that the samples 
were acquired from healthy individuals and were fixated immediately to preserve the 
cell’s protein binding regions6. While the paper does show the rate of neurogenesis does 
decline in adults relative to adolescence and is nearly non-existent in patients with 
neurodegenerative disorders like Alzheimer’s (more discussed below), the general 
consensus is now that adult neurogenesis does occur in the brain.     

As discussed above, one of the regions the neural stem cells reside in is within the 
hippocampus region of the brain. The hippocampus is important for both learning and 
memory, and thus, it is speculated that neurogenesis is necessary for maintenance of 
hippocampal capacity for memory7. One study has showed that when adult-born 
hippocampal neurons are ablated, there is an impairment of spatial memory, which 
supports a capacity for flexible, inferential, memory expression8. Furthermore, the adult 
hippocampus is one of the regions that is most affected by Alzheimer’s Disease9, which 
is characterized by decline in function and memory loss. Interestingly, it has been shown 
that the number and maturation of immature neurons declined rapidly as the progression 
of Alzheimer’s patients advanced6. This was the first study linking the impaired 
neurogenesis as a relevant mechanism to the decline in cognitive function in Alzheimer’s 
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patient, thus opening doors for therapeutic interventions.  However, there is still a great 
deal of progress to be made to fully dissect the mechanism that regulates neurogenesis, 
which in turns influence the structural and functional plasticity in the regions where the 
NSCs reside in.  

1.2. Elucidating the mechanism regulating NSC behavior 

As discussed above, these neural stem cells (NSCs) reside in the dentate gyrus 
region of the hippocampus. Specifically within the dentate gyrus, they reside in the 
subgranular zone (SGZ) layer. In addition to residing in the SGZ, NSCs reside in the 
subventricular zone (SVZ) of the lateral ventricles10. Within the microenvironmental 
niche of the NSCs, there are various factors or cues that regulate neurogenesis, which 
differ from NSCs that reside in the SGZ or in the SVS. In this dissertation, we focus our 
attention primarily in the cells that reside in the SGZ but would be intrigued as to whether 
similar results translate to cells located the SVG.  

Within the SGZ, NSCs not only interact with other support cell types such as 
microglia and endothelia cells, but also neurons, astrocytes, and oligodendrocytes11. The 
latter group of cells arise from NSCs themselves. The cells (classified as Type-II cells, 
and also referred in other contexts as neural progenitor cells (NPCs)) initially arise from 
activated quiescent radial glial-like cells, referred to as Type I cells. Both Type I and 
Type II cells reside in the SGZ prior to differentiation. Through various signaling 
mechanisms, the NPCs then migrate into the granule cell layer and generate into 
neuroblasts which in turn differentiate into new immature neurons, and maturate into 
adult-born dentate granule cells and extend dendritic arborizations and axonal 
projections12.    

There are various signaling mechanisms arising from the microenvironmental 
niche of the NSC that dictate this neurogenesis process. Our focus for this dissertation is 
on what specifically dictates whether NSCs (specifically the Type II NPCs) generate 
neurons, self-renew, or other differentiate into other lineages, specifically astrocytes or 
oligodendrocytes (Figure 1.1). 
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Figure 1.1 : A schematic illustration of the NSC microenvironmental niche in the SGZ. 
NSCs reside in the SGZ and then environmental cues influence whether they shall self-renew or 
differentiate into other lineages. Once it progresses to another lineage, the cells migrate into the 
granule cell layer which consists of mature  granule cells 

Within the microenvironmental niche, the cells are exposed to a host of 
biochemical and biophysical signaling factors such as cell-to-cell dependent cues, 
secreted paracrine signals, and lastly, the extracellular matrix (ECM) signals13 (Figure 
1.2).  

 

 
 
Figure 1.2: NSCs are regulated by cues from the microenvironment. NSCs receive multiple 
cues from their environment that regulate their behavior. These signals include 1) paracrine 
signals, 2) cell-cell signaling cues, and 3) cues from the extracellular matrix (ECM).   

Cell-to-cell dependent cues are those that regulate juxtracrine signaling between 
membrane-bound ligands from one cell to receptors from other neighboring cell type. 
One of the main pathways affected by paracrine signals that has a significant effect in 
neurogenesis is the Wnt signaling pathway14. Wnt-3 is secreted by astrocytes residing in 
the niche, which in turn initiate a cascade of signaling mechanisms that activates ß-
catenin signaling and induce neurogenesis. This secretion is shown to decreasing during 
aging, thus may contribute to the overall decrease in neurogenesis in adulthood 15. Other 
paracrine signaling pathways have a more inhibitory role in neurogenesis such as bone 
morphogenic proteins (BMPs)16, specifically BMP2, BMP4 and BMP6, which are part of 
the SMAD pathway and secreted by the endothelial cells17 residing in the brain.  The 
expression of both BMP4 and BMP6 have been shown to increase during aging16,18, and 
inhibition partially rescued age-associated neurogenesis16. Interestingly, mice with 
decreased BMP signaling showed remarkably an increase in neurogenesis and cognitive 
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function, similar to the effects of exercise19. Thus further examination into the interplay 
into these pathways and contribution in neurogenesis is needed.   

Two example juxtracrine signaling pathways, Notch20 and Ephrin21, have been 
identified to heavily influence NSC behavior and fate. Specifically, the two Ephrin 
classes have different effects on NSC fate commitment. Some work has been shown that 
when astrocytes present Ephrin-A2 and -A3 ligands, which are linked to the membrane 
by glyosylphosphatidylinositol linkage, and bind to the EphA7 receptors present in 
NSCs, they negatively regulate adult neurogenesis22. Interestingly, when astrocytes 
present Ephrin-B2 ligands and interact with EphB4-expressing NSCs, there is an increase 
in overall adult neurogenesis21. Thus targeting the Ephrin/Eph interaction is a proposed 
therapeutic intervention for regulating neurogenesis. Other studies focusing on the 
influence of Notch signaling have shown that without the Notch receptor that binds to the 
secreted ligand (e.g. Delta 1) in NSCs, there is a transient increase in overall 
neurogenesis followed by a complete depletion of all NSCs, and thus neurogenesis20.  

While manipulating signaling pathways in vivo is more feasible with the 
advancements in gene editing and delivery, most research continues to rely on 
manipulating NSC behavior in vitro to study NSC biology. This is mostly done using 
biomaterial platforms due to the ease of manipulation and reduced economic burden. 
Thus, there has been research in the past few years dedicated to understanding how the 
biochemical and biophysical cues emitted from the ECM regulate NSC proliferation and 
differentiation. ECM matrix proteins such as reelin23, heparan sulfate proteoglycan24, 
laminins25, and hyaluronic acid26 have previously been shown to interact with NSC 
receptors and influence overall fate commitment through emitting biochemical cues. The 
study of these matrix proteins and which property is important to enhance proliferation, 
and differentiation have aided in engineering more bio-mimetic materials to not only 
study NSC behavior, but also improve the viability27 and engraftment28 of stem cells for 
cell replacement therapies.  While biomaterials do not recapitulate the all the signaling 
mechanisms from the ECM introduced to NSCs in vivo, they allow us to present NSCs to 
one or multiple of these cues, and see the degree of impact these cues have on their 
behavior. These biomaterials are thus engineered to recapitulate one or more properties of 
the extracellular niche NSCs reside in. 

One of the biophysical cues of the environment that is proposed to play an 
important role in dictating cell behavior is the stiffness of the niche. NSCs are exposed to 
different stiffnesses as they migrate into the granule cell layer. Specifically, the elastic 
modulus of the SGZ differs from the elastic modulus from the granule cell layer, 
indicating that the NSCs are exposed to different elastic moduli when migrating from one 
region to another. Previous work in our lab has shown that as NSCs migrate into the 
granule cell layer, they are exposed to an increase of substrate stiffness, ranging from 
around 50 Pa to about 120 Pa29. However, these measurements were done using rat 2D 
brain slices and may not recapitulate what the cells are exposed to in vivo. Furthermore, 
the measurements were conducted using Atomic Force Microscopy, which results 
acquired from this approach do not always agree with one another.30,31 Other work using 
ferrule-top dynamic indentation showed more consistent results from sample to sample, 
and verifies the consensus that cells are exposed to different moduli during migration into 
granule cell layer32,33.  Lastly, the stiffness in the subgranular zone, the granule cell layer, 
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all increase during maturation, resulting in decrease of NSCs and immature neurons34. 
Thus, understanding how the biophysical properties is crucial in understanding the 
decrease in overall neurogenesis in adults 

1.3. Overview of mechanotransduction pathways regulating NSC fate 
commitment 

Using in-vitro biomaterial platforms, our labs have shown that the substrate 
stiffness of the environment regulates NSC fate commitment35,36. Specifically, when 
NSCs are cultured on a softer substrate (100 Pa – 500 Pa), there is a higher percentage of 
them that differentiate into neurons. When cultured on a stiff substrate,  there is a higher 
percentage of NSCs that differentiate into astrocytes (1000 Pa >). This impact of 
substrate stiffness on NSC fate commitment has been proven to occur on both 2D and 3D 
substrates37. Further work has shown that changes in substrate stiffness result in changes 
in RhoA/Cdc42 activity36, which are GTPases involved in regulating cellular contractor 
forces in NSCs. Specifically, RhoA and Cdc42 are part of the group of G-proteins that 
regulate F-actin dynamics and thus crucial in regulating intracellular forces38. As a 
GTPase, RhoA actively signals downstream targets only in the GTP-state, which our lab 
has shown is more active in NSCs differentiating on stiff substrates. Interestingly, 
modulating RhoA activity in vivo showed differences in neurogenesis as in in vitro 
results did.  Thus the NSCs transduce the biophysical cues to biochemical cues to 
regulate their internal mechanical properties, and overall fate commitment.  

Recent findings have shown that stem cells exhibit ‘mechanical memory’ which is 
when mechanical cues presented to the cells during early differentiation impact future 
cell behavior39. One notable example is done with human mesenchymal stem cells 
(MSCs) with YAP serving as a intracellular mechanical rheostat – which stores the 
information of the cell’s past physical environment, and in turn, influence cell fate. When 
human MSCs are cultured on stiff substrates for longer than 7 days, there is an increase in 
YAP localization into the nucleus, even if they are cultured on soft substrates after being 
seeded on stiff substrates for longer than 7 days. Vice versa, if the cells are cultured on 
soft substrates, or on stiff substrates for less than 7 days then on soft substrates for any 
time after that, there is less YAP localization into the nucleus.  

Motivated from this study, our lab determined that adult hippocampal NSCs also 
demonstrate some mechanical memory but through different mechanisms and time 
durations. Specifically we have shown that stiffness cues influence NSC fate commitment 
12-36 hours40 after initiating differentiation. During this early time window, NSCs 
respond to the changes in stiffness cues by regulating RhoA/Cdc42 activation, then YAP 
protein levels, which then modulates Wnt pathway/b-catenin, and thus neurogenesis.  

1.4.  Scope of dissertation and impact 

Previously, we chose specific candidates and pathways to study how NSCs 
transduce biophysical cues based on prior literature and their involvement in 
mechanotransduction. For example, YAP was shown to be regulated by mechanical 
signals exerted by ECM stiffness and cell shape.41 This candidate-to-candidate approach 
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in studying NSC mechanobiology biases our pool of candidates by eliminating those that 
have not been implicated in either the field of NSC biology or mechanotransduction.  

To have a more unbiased perspective as to how NSCs respond to mechanical 
cues, and how these mechanical cues regulate NSC fate commitment, we turned to using 
more high-throughput sequencing approaches (such as RNA-seq) to see how NSCs 
respond to changes in substrate stiffness.  Previous work using RNA sequencing 
technology have shown substrate stiffness regulates the gene expression of mesenchymal 
stem cell immunomodulatory markers in response to cytokine stimulation42. Other work 
also shows that substrate stiffness, coupled with different adhesion ligands, influence the 
cytokine secretion of these mesenchymal stem cells to regulate hematopoietic stem cell 
differentiation.43  

Motivated by the results acquired from these studies, the focus of this dissertation 
is to use these high-throughput sequencing approaches to understand how NSCs respond 
to stiffness cues, and how these responses lead to the mechanotransduction of NSC fate 
commitment. The two chapters can be summarized in the Figure 1.3 below:   
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Figure 1.3: Overview of the two main chapters discussed in this dissertation. This first 
chapter explores how substrate stiffness influence NSC transcriptome, which leads to changes in 
NSC fate commitment. The last second chapter explores how substrate stiffness influences the 
post-transcriptional medications of mRNA.  

For our first chapter, we focus our attention on studying one protein, eEF1A1, and 
how it regulates the mechanosensation of neural stem cell differentiation. We identified 
eEF1A1 as potential regulator of NSC mechanosensation from performing an unbiased 
RNA-sequencing experiment on neural stem cells differentiating on soft and stiff 
substrates. For our next chapter, we explored how ECM cues dictate the expression of not 
just eEF1A1 but other mRNA transcripts that showed up in the RNA-sequencing analysis 
from Chapter 1. Some recent work has led to linking stiffness cues to post-transcriptional 
regulation of gene expression, particularly through changes in the alternative 
polyadenylation of the 3’Untranslated region (UTR) of mRNA transcripts. Interestingly, 
our RNA-seq work gives evidence that stiffness cues may regulate the lengthening and 
shortening of 3’UTR of mRNA, adding another layer of complexity as to how stiffness 
transduces mechanical cues to biophysical signals. Thus, the second chapter focuses on 
exploring this relationship and how stiffness may regulate this behavior.   
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Chapter 2: eEF1A1 mediates the mechanosensation of 
NSC differentiation 
2.1. Introduction 

The generation of neurons from neural stem cells (NSCs), also known as 
neurogenesis, contributes to brain plasticity in the developing and adult brain.44,45 NSCs 
reside in two regions of the mammalian brain: the subventricular zone (SVZ) and the 
subgranular zone (SGZ) of the dentate gyrus of the hippocampus. Particularly, adult 
hippocampal NSCs are important for memory, mood regulation, and learning.46,47 
Additionally, decreased neurogenesis in the hippocampus contributes directly to 
cognitive functional decline, as seen in aging47, and progressive neuronal death in 
degenerative disorders such as Alzheimer’s Disease.46 Therefore, many have sought to 
harness neurogenesis to replenish these damaged cells and repair the diseased or injured 
brain. 

NSCs can not only self-renew, but also differentiate into progenitor cells, 
including neuronal, astrocyte, and oligodendrocyte progenitors.46 Like other stem cells, 
the processes ranging from initial fate decision and final commitment of NSCs are highly 
regulated by the extracellular microenvironment, here known as the neurogenic niche.13 
Incomplete understanding of how the niche influences NSC behavior and how the stem 
cell integrates these mechanistic cues has limited the use of these cells as a potential stem 
cell based therapy for treating neurodegenerative diseases.   

One parameter of the neurogenic niche that influences NSC behavior is the 
extracellular matrix. The extracellular matrix presents both biochemical and biophysical 
signals that alter the cytoskeleton architecture of the NSC, acting as epigenetic 
determinants of NSC fate commitment. Specifically, when NSCs are cultured on soft 
gels, they are strongly biased towards neuronal differentiation, but when cultured on stiff 
gels, neurogenesis decreases.35,36 Further work using switchable-stiffening DNA-oligo 
polyacrylamide gels showed that there is a time window in which mechanical signals 
from the ECM dictate NSC fate commitment.40 This time window, referred to as the 
mechanosensitive time window, occurs 12-36 hours after initiating differentiation. Within 
this time window, the Yes Associated Protein (YAP) is upregulated in NSCs 
differentiating on stiff substrates relative to those on soft only within this 
mechanosensitive time window. This YAP upregulation results in the decrease activity of 
ß-catenin, and thereby, results in a decrease of neurogenesis on stiff substrates.   

Previous approaches to understanding the mechanisms linking stiffness cues to 
fate commitment have been purely phenomenological, For example, YAP and 
Angiomotin (AMOT) have been heavily explored in regulating the mechanosensing 
behavior in other cell types such as in mesenchymal stem cells48 and cancer cells49. This 
biased approach in studying previously implicated mechanoregulators have limited our 
understanding of the true extent and vast number of mechanisms influenced by changes 
in mechanosignaling.   
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To get an unbiased, and a more broad perspective as to how stiffness is regulating 
NSC behavior, particularly in the gene expression level,  we performed RNA sequencing 
analysis on  NSCs differentiating on soft substrates and on stiff substrates. These results 
revealed that at 12-hours after initiating differentiation, we see the largest differences in 
gene expression between soft and stiff substrates. Specifically, we see most genes 
downregulated in NSCs seeded on soft substrates relative to those on stiff substrates, 
including our gene of interest, eEF1A1. eEF1A1 was  chosen as a potential candidate 
linking stiffness to NSC fate commitment due to prior literature involving its role in F-
actin polymerization50, protein synthesis51 and stability52, and mRNA binding53,54.  

Functional analysis of eEF1A1 revealed that this protein is both necessary and 
sufficient for inhibiting neurogenesis. We further examined the mechanism through 
which this protein inhibits neurogenesis and determined that it regulates mechanosensing 
through regulating YAP protein levels, and mediates RhoA activity and its downstream 
effectors. Interestingly, we determined that the influence of eEF1A1 on NSC fate 
commitment is regulated through Domain III (amino acids 328-432) region of eEF1A, 
which previous studies have shown to be a direct binding site for F-actin54,55 and 
regulator of F-actin polymerization56. Taken together, this study takes advantage of next 
generation sequencing to identify a novel candidate that plays a prominent role in NSC 
mechanosensing, further advancing our understanding of the intracellular mechanism 
linking stiffness cues to NSC fate commitment.   

2.2. Results 

Substrate stiffness influences gene expression 12-hours post differentiation 

To analyze how the transcriptome of NSCs respond to stiffness cues in a global 
and unbiased manner, we performed RNA-seq on NSCs differentiating on soft (500 Pa) 
and stiff (73 kPa) laminin coated polyacrylamide substrates at time points 0-, 12-, 24-, 
and 36-hours after initiating differentiation (Figure 2.1.a). Using a likelihood ratio test 
(LRT)57, we tested to see whether there are any differences in gene expression throughout 
time between NSCs differentiating on a 500 Pa (Soft) vs 73 kPA (stiff) substrates, Using 
R package DEGreport58, we performed hierarchical clustering on differentially-expressed 
genes (padj < 0.05) identified by the LRT for stiffness. To calculate the distance matrix, 
the Kendall rank correlation coefficient was used59. We identified three clusters of genes 
that decrease (Cluster 1 – 133 genes), remain the same (Cluster 2 – 58 genes), or increase 
(Cluster 3 – 102 genes) throughout the time course analysis, but deviate in gene 
expression at the 12-hour time point between the two stiffness conditions. (Figure 2.1.b). 
A list of the genes in each cluster can be found in Table A.1. Principal Component 
Analysis (PCA) further corroborated the findings that gene expression only differed at the 
12-hour time point (Figure A.1). Interestingly, all these clusters reveal a decrease in gene 
expression of NSCs on soft conditions relative to stiff conditions at the 12-hour time 
point, and that after the 12-hour time point, the genes expression levels converge back to 
similar levels to those on stiff conditions in all three clusters. This led us to hypothesize 
that stiffness is directly influencing gene expression at this 12-hour time, and that one, or 
potentially multiple, of these genes may be involved in linking the influence of stiffness 
cues to NSC fate commitment. 
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We then performed a pair-wise comparison between samples collected from soft 
and stiff substrates only at the 12-hour time using a Wald’s test comparison (DEseq2). 
We identified 184 differentially expressed genes (DEGs) that were upregulated and 685 
genes that were downregulated on cells seeded on soft gels versus stiff substrates (Figure 
2.1.c) (adjusted p-value of 0.05). We verified some of the findings from the RNA-seq 
analysis using  qPCR and verified a strong correlation using Pearson’s Correlation 
Analysis60 (Figure 2.1.d).  

We then focused our attention on identifying which of the top DEG may play a 
role in linking mechanotransduction cues to NSC fate commitment. One top differentially 
expressed gene, elongation translation factor 1 alpha 1 (eEF1A1), which was highly 
downregulated on soft versus stiff substrates, stood out as candidate. eEF1A1 has a very 
well-defined role in the translational machinery in protein biosynthesis51and is also a 
direct binding partner to F-actin and regulates cytoskeleton polymerization61,62. 
Therefore, we speculate eEF1A1 may be an intermediate player in linking cues from 
substrate stiffness to NSC fate commitment.  
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Figure 2.1: RNA-Seq analysis during mechanosensing window of NSCs. (A) Schematic of the 
RNA-Seq setup. Cells were seeded on soft and stiff matrices and RNA from cells from each 
condition was collected at 0-, 12-, 24-, and 36 hours (Mechanosensing Time Window) after 
initiating differentiation. Three biological replicates were collected for each condition, resulting 
in a total of 24 samples submitted for RNA-seq analysis. (B) Box plots of gene expression of cells 
differentiating on soft and stiff matrices. Statistical significance was assessed using DESeq2 
Likelihood Ratio Test (padj < 0.05). Clusters were produced using the degPatterns function on the 
regularized log transformation of the normalized counts from the statistically significant genes. 
(C) Volcano plot of differentially expression analysis of genes in the cells seeded on soft versus 
stiff gels at the 12-hour time point. Purple and blue points mark the genes with significantly 
decreased or increased expression (respectively) in cells differentiating on soft versus stiff gels 
(Wald’s Test, padj-value < 0.05, logFC>0.5. D) Pearson’s Correlation Analysis between the 
relative quantification of RNA-seq and qPCR results  
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Loss of eEF1A1 increases neurogenesis 

To test the functional importance of this gene on neurogenesis, we generated two 
short hairpins (shRNA-1 and shRNA-3) to target eEF1A1 at different sites within the 
coding region. We packaged the plasmid encoding these hairpins (along with a scramble 
control) into lentiviruses and infected into NSCs. These hairpins efficiently reduced 
eEF1A1 expression levels relative to the scramble control as seen in Figure 2.2.a. We 
then seeded the knockdown and scramble cells on soft and stiff substrates in mixed 
differentiation conditions (1% FBS and 1 uM retinoic acid) and differentiated for 6 days. 
The cells were then immunostained for Tuj1% to measure the overall neurogenesis effect 
as seen in Figure 2.2b-c. Knocking down eEF1A1 overall increased neurogenesis on cells 
seeded on soft and stiff conditions by approximately 10% and 30%, respectively (Figure 
2.2.b-c). These results implicate that the upregulation of eEF1A1 on stiff substrates 
within the temporal mechanosensitive time window results in a suppression of 
neurogenesis. 
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Figure 2.2: eEF1A1 is necessary for inhibiting neurogenesis: (A) Western blot validating the 
shRNA knockdowns (B) Representative immunofluorescent images of Scramble, eEF1A1 KD’s 
(shRNA-1 and shRNA-3) NSCs after culture in mixed differentiating conditions (1 uM retinoic 
acid + 1% Fetal Bovine Serum) on soft (500 Pa) or stiff (73 kPA) gels for 6 days. Cells were 
fixed and stained for DAPI (blue) and Tuj1 (Green), a neuronal marker. Bar = 100 uM. (C) 
Immunostaining results of knockdowns. *p < 0.05, **p < 0.005, ***p< 0.001, ****p < 0.0001 by 
two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test.   

eEF1A1 is necessary and sufficient for inhibiting neurogenesis 

To verify the specificity of the shRNA construct, we performed a rescue strategy 
where we transduced NSCs containing the eEF1A1 knockdown with retroviruses 
containing plasmids encoding the human WT eEF1A1 cDNA (shRNA-3 + WT eEF1A1). 
We used human WT eEF1A1 cDNA rather than rat cDNA for the rescue studies since 
there are a few base pair mismatches in the regions in the rat eEF1A1 cDNA relative to 
the human cDNA. Therefore, the knockdowns do not target the human eEF1A1 cDNA. 
We also generated a mutant form of the eEF1A1 protein which did not contain the region 
(Domain III) that reportedly binds to and induces F-actin bundling56 (shRNA-3 + DDIII 
eEF1A1) (Figure 2.3.a-b). Structured Illumination Microscope (SIM) images demonstrate 
that eliminating this Domain III region reduces the co-localization of eEF1A1 to F-actin, 
thus giving us insight that this region of eEF1A1 may bundle F-actin in our NSCs (Figure 
A.2).  

Our lab has previously shown that changes in the cellular contractility through 
modulating levels of Cdc42 and RhoA influences NSC fate commitment36. These players 
polymerize F-actin filaments63, which are then bundled up by actin bundling proteins 
such as eEF1A1 to give rise to the mechanical properties of the cytoskeleton of the cell. 
Because of this, we hypothesize that through this Domain III region, eEF1A1 plays an 
important role in the mechanosensing of NSCs.   

To test the hypothesize, we performed differentiation experiments analogous to 
the knockdown experiments. shRNA-3 + WT eEF1A1 NSCs show a reduction of 
neurogenesis of NSCs differentiating on both soft and stiff substrates (Figure 2.3.c). 
Interestingly, shRNA-3 + DDIII-eEF1A1 cell lines doubled the amount of neurogenesis 
based on the Tuj1% staining on soft and stiff substrates relative to the shRNA -3 + WT 
eEF1A1 cell lines (Figure 2.3.c). These results demonstrate that eliminating Domain III 
of eEF1A1, a region prior literature states plays an important role in regulating F-actin 
polymerization, eradicates the ability of eEF1A1 to inhibit neurogenesis on both soft and 
stiff substrates.   
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Figure 2.3: eEF1A1 is necessary and sufficient for inhibiting neurogenesis, particularly 
through interactions in Domain III. (A) Western blot results demonstrating the introduction of 
recombinant eEF1A1 DNA to knockdown cell lines. (B) Three-dimensional (3-D) model of 
eEF1A1 structure (PDB: 1SYW) with each domain highlighted. Blue = Domain I, Yellow = 
Domain III, and Orange = Domain III. B) Immunocytochemistry results of eEF1A1 mutants 
differentiation on soft and stiff substrates.  (C)  Representative immunofluorescent images of 
Scramble, eEF1A1 KD’s (shRNA-3 + WT eEF1A1 and shRNA3+DDIII eEF1A1) NSCs after 
culture in mixed differentiating conditions (1 uM retinoic acid + 1% Fetal Bovine Serum) on soft 
(500 Pa) or stiff (73 kPA) gels for 6 days. Cells were fixed and stained for DAPI (blue) and Tuj1 
(Green), a neuronal marker. Bar = 100 uM. Error bars represent standard deviation (n=3). *p < 
0.05, ***p< 0.001, ****p < 0.0001 by two-way ANOVA followed by Tukey’s post-hoc test.   
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eEF1A1 regulates neurogenesis through changes in Rho-GTP signaling 

We next wanted to further examine the mechanism through which eEF1A1 is 
regulating neurogenesis. We focused our attention as to whether eEF1A1 is involved in 
how NSCs transduce signals from the ECM to changes in cellular contractility that 
ultimate lead to changes in NSC fate commitment. Previous work has shown that 
eEF1A1 regulates F-actin stress fiber formation through regulating the activation of Rho-
GTP in human keratinocyte cells64. Therefore, we wanted to test whether eEF1A1 is 
involved in activating Rho-GTPase signaling during early NSC neurogenesis.  

We seeded the rescue, knockdown, and naïve NSCs on soft and stiff substrates, 
and differentiated them for 24 hours. We then collected the protein lysate and measured 
the relative amounts of activated RhoA (Rho-GTP) of all our samples using a G-Elisa 
assay. These results show an increase in Rho-GTP levels in naïve NSCs differentiating on 
stiff substrates relative to those on soft, which is an observation seen previously in other 
work36 (Figure 2.4.a). When knocking down eEF1A1 we see a reduction of Rho-GTP 
levels in NSCs seeded on stiff substrates relative to the naïve control. Interestingly, we do 
see an increase when rescuing shRNA-3 NSC knockdowns with WT-eEF1A1 on both 
soft and stiff substrates. Thus, eEF1A1 is both necessary and sufficient for inducing Rho-
GTP levels.   

However, while we do not see an increase in Rho-GTP levels in shRNA-3 + 
DDIII eEF1A1 NSCs differentiating on soft substrates, we do still observe an increase in 
RhoA activation on stiff substrates with these cells. (Figure 2.4.a). As seen in the earlier 
fate commitment results (Figure 2.3.c), shRNA-3 + DDIII-eEF1A1 NSCs do not lead to 
the same level of suppression of neurogenesis as the WT eEF1A1 cell lines on both soft 
and stiff substrates. This indicates the possibility that there may other mechanisms 
downstream of activated RhoA signaling that require the presence of this DIII of eEF1A1 
to fully suppress neurogenesis.  

We also wanted to make sure the changes we see in activated RhoA is not due to 
differences in the total protein levels of RhoA. This is a concern as eEF1A1 plays a 
significant role in protein synthesis51. To test whether eEF1A1 regulates total RhoA 
protein levels, we measured Total RhoA levels 24 hours post initiating differentiation 
using western blot (Figure 2.4.b-c). These results show that there are no differences in 
Total RhoA among all our cell lines. Thus, the changes we see in Rho-GTP levels are not 
due to differences in the total levels of RhoA protein in our cells.  

We then wanted to test whether the changes in activated RhoA signaling regulated 
by eEF1A1 lead to changes in NSC fate commitment. To do so, we transiently treated 
naïve NSCs, shRNA-3 + WT eEF1A1, and shRNA-3 + DDIII eEF1A1 cell lines 
differentiating on stiff substrates (73 kPA) with Blebbistatin and Y-27632, which inhibit 
the activity of Rho GTPase effectors Rho Kinase (ROCK)65 and myosin II66, respectively, 
for the first 48 hours of their 6-day differentiation period. We chose to only treat the cells 
for 48 hours so that we do not affect any other biological processes outside the 
mechanosensitive time window. Similarly to the naïve cells, we see that when we treat 
the shRNA-3 + WT eEF1A1 rescue cell line with Blebbistatin and Y-27632, we see a 
rescue of neurogenesis on stiff substrates (Figure 2.4.d-e). By contrast, when we treat the 
shRNA-3 + DDIII eEF1A1 with the drugs, we see no difference in fate commitment. 
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Therefore, while we do see an increase in RhoA in the shRNA-3 + DDIII eEF1A1 as seen 
in Figure 2.4.a, inhibiting the downstream effectors of this pathway does not lead to 
changes in fate commitment. These results suggest that on stiff substrates, eEF1A1 
increases RhoA signaling and downstream effectors that ultimately leads to the inhibition 
of neurogenesis.  
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Figure 2.4: Domain III region of eEF1A1 regulates Rho GTPase activity. A) Rho-GTP levels 
normalized to the naïve soft substrate (500 Pa) value. B) Western Blot Results measuring total 
RhoA proteins from naïve, shRNA-3, shRNA-3 + WT eEF1A1, shRNA-3 + DDIII-eEF1A1 
NSCs  C) Quantification of western blot results. N=3. D) Immunocytochemistry results of 
eEF1A1 knockdown and mutant cell lines differentiating on soft and stiff substrates treated with 
either DMSO, Blebbistatin (1 uM) or Y-27632 (10 uM) for the first 24-hours of their 6-day 
differentiation period. E) Representative immunofluorescent images of Scramble, shRNA-3, and 
eEF1A1 rescue cell lines (shRNA-3 + WT eEF1A1 and shRNA3+DDIII eEF1A1) after 6-days of 
differentiation in mixed conditions. **p < 0.005, ***p< 0.001, and ****p < 0.0001 two-way 
ANOVA followed by Tukey’s post-hoc test.  ns = not significant.  

eEF1A1 regulates YAP levels during early neurogenesis 

We further wanted to determine whether eEF1A1 is influencing other players to 
influence neurogenesis. Previous work in our lab has shown that there is an increase YAP 
levels in NSCs seeded on stiff substrates relative to those on soft the first 24 hours of 
NSC differentiation. This increase in YAP leads to a direct reduction of b-catenin levels, 
resulting in an overall decrease in neurogenesis, in NSCs differentiating on stiff 
substrates40. Furthermore, our lab has shown that the increase in RhoA activation in 
NSCs seeded on stiff leads to the decrease in phosphorylation of angiomotin (phospho-
AMOT)67. This increase of phospho-AMOT leads to the increase of YAP and decrease of 
b-catenin40. Therefore, we wanted to test if eEF1A1 is influencing neurogenesis through 
modulating YAP.  

To first test this hypothesis, we measured YAP levels in the shRNA-3 knockdown 
and scramble control cell lines. We seeded these cells on soft and stiff substrates, 
differentiated them for 24-hours, and then collected their lysates for Western Blot 
analysis. The results show that by knocking down eEF1A1, there is a decrease amount of 
YAP on NSCs differentiating on stiff substrates, whereas there are no differences in YAP 
levels on soft substrates (Figure 2.5.a-b).  

We also wanted to see if eEF1A1 levels correlate with b-catenin activity. We thus 
generated cell lines that contained both the eEF1A1 knockdown and a 7xTFP luciferase 
reporter which measures b-catenin/TCF/LEF transcriptional activity. We also generated 
cell lines containing the same luciferase reporter and a scramble knockdown. We then 
seeded these cells on stiff substrates, differentiated them for 24 hours, and collected and 
analyzed the lysate for luciferase expression. b-catenin/TCF levels were higher in the 
eEF1A1 knockdown relative to the scramble control only at 24 hours (Figure 2.5.c). We 
also measured the levels at the 0-hour time to assure that the differences we see only 
occur within the mechanosensitive window. There were no differences in the b-
catenin/TCF levels between the scramble and the eEF1A1 knockdown. Taken together, 
these results indicate that the increase of eEF1A1 results in an increase of YAP thereby 
promoting b-catenin activity.   

Furthermore, we wanted to see if YAP levels are rescued in the rescue cell lines 
(shRNA-3 + WT eEF1A1 and shRNA-3 + DDIII eEF1A1) relative to the knockdown cell 
lines. In a similar manner as described earlier, we collected western blot lysates from 
these cell lines seeded on stiff substrates 24 hours after initiating differentiation. Relative 
to the naïve controls, we see a rescue in YAP levels in the WT-eEF1A1 levels on stiff 
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substrates, indicating that eEF1A1 is necessary and sufficient for inhibiting YAP protein 
levels (Figure 2.5.d-e). However, DDIII eEF1A1 rescue lines do not result in similar YAP 
protein levels as the WT eEF1A1 cell lines. This interactions in this Domain III region 
result in the YAP levels that are needed for the suppression of neurogenesis.  

Taken together, these experiments show that NSCs respond to differences in 
substrate stiffness during early neurogenesis by not only increasing Rho-GTP levels, but 
also YAP protein levels (Figure 6).    

 

Figure 2.5: eEF1A1 regulates YAP protein levels through its Domain III. A) Western blot 
results of Scramble and shRNA-3 NSCs collected at the 24-hour time point. B) Western blot 
quantification results of YAP levels normalized to 𝛽-actin. N=3. C) TCF/LEF Luciferase Activity 
measuring 𝛽-catenin activity. D) Western blot results of the rescue samples (shRNA-3 + WT 
eEF1A1 and shRNA3+DDIII eEF1A1) collected at the 24-hour time point. E) Western blot 
quantification results of YAP levels normalized to 𝛽-actin. N=3. *p < 0.05, **p < 0.005, and 
****p < 0.0001 two-way ANOVA followed by Tukey’s post-hoc test. ns = not significant.  

2.3. Discussion 

Previous research shows that the extracellular matrix encodes mechanical cues 
that dictate adult hippocampal NSC fate commitment, but the intermediate mechanisms 
as to how the cells respond to these cues intracellularly remain unclear. Through an 
unbiased transcriptomic analysis of NSCs seeded on soft and stiff substrates during the 
early stages of differentiation, we identified eEF1A1 as a potential gene involved in 
linking mechanical cues to NSC fate commitment. Genetic perturbation of this gene 
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revealed its critical role in neuronal differentiation, and that it influences NSC 
mechanosensing through increasing RhoA activation and YAP protein levels. 
Interestingly, eEF1A1 influences these pathways specifically through interactions in a 
region of eEF1A1 that is proposed to regulate F-actin polymerization and bundling. 
These results elucidate the mechanism as to how NSCs respond to changes to stiffness 
cues, through regulating the expression of eEF1A1 and how this protein is involved in the 
transduction of mechanical signals in the cell to ultimately dictate fate commitment 

The canonical function of eEF1A1 is, as a GTPase, to bind to the aminoacytelated 
tRNA at the GTP-bound state and deliver it to the ribosome during protein elongation68. 
Once eEF1A1 is bound to the ribosome, eEF1A1 becomes hydrolyzed, leaving it in the 
GDP state69. In addition to its role in protein elongation, eEF1A1 also binds to and co-
localizes with actin cytoskeleton to mediate cytoskeletal organization70. In one study in 
particular, human keratinocytes were infected with human papillomavirus type 38, which 
then disrupts the actin stress binding formation and Rho-GTP activity by binding to 
eEF1A64.  Interestingly, this study showed eliminating the Domain III disrupts F-actin 
architecture and reduces Rho-GTP levels. However, there is no work yet demonstrating 
whether eEF1A1 directly regulates RhoA activation as a GTPase.  

Motivated by the results of this study, we sought to explore whether eEF1A1 has 
some effect on RhoA activation during early NSC differentiation. As we previously 
discussed, NSCs differentiating on stiff substrates result in higher Rho-GTP levels, thus 
increasing the internal stiffness of the cell. Interestingly, our results show that RhoA 
activation decreases when eEF1A1 is eliminated, and is rescued when the WT eEF1A1 
protein is re-introduced. Furthermore, when inhibiting downstream activated RhoA 
effectors, ROCK (Y-27632) and myosin II (Blebbistatin), we saw a rescue of 
neurogenesis in the naïve and full WT eEF1A1 rescue cell lines. This indicates that 
eEF1A1 is regulating NSC lineage commitment into neurons through changes in Rho-
GTP activation levels. Furthermore, we hypothesize the eEF1A1 is regulating Rho-GTP 
by inducing F-actin bundling. Preliminary SIM images show there is high co-localization 
between F-actin and eEF1A1 only when Domain III is present. However, more follow-up 
work is necessary to fully understand the impact eEF1A1 has on F-actin bundling. 

When introducing the DDIII eEF1A1 mutant rescue to the knockdown cell lines, 
Rho-GTP levels increased only in NSCs differentiating on stiff substrates, and not on soft 
substrates. In addition, there were no changes in the percent of neurons when the cells 
were treated with Y-27632 and Blebbistatin. This could indicate the presence of the other 
domain regions (Domain I and II) in eEF1A1 coupled with other mechanisms 
upregulated on stiff substrates may also result in higher Rho-GTP levels. However this 
Rho-GTP increase does not lead to changes in NSC fate commitment to neurons. Future 
studies are needed to determine if whether the GTPase region in Domain I region of 
eEF1A1 coupled with other signaling pathways enhanced on stiff substrates may be 
involved with RhoA activation.  

While these results demonstrate eEF1A1 may regulate NSC fate commitment to 
neurons through changes in Rho-GTP, there is the possibility that changes in NSC fate 
commitment are due to changes in protein synthesis. Interestingly, when NSCs begin to 
differentiate, there is an upregulation of protein synthesis which is then followed by cell 
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division and differentiation71. Using an using O-propargyl-puromycin (OPP) to label 
nascent proteins72, we do see differences in protein synthesis in NSCs on soft versus stiff 
substrates, with higher protein synthesis on soft substrates relative to stiff substrates 
(Figure A.3). We also see an overall reduction in the knockdown and rescue eEF1A1 cell 
lines relative to the naïve. However, we no longer see the differences between soft and 
stiff substrates in both the knockdown and rescue eEF1A1 cell lines as we do in naïve 
NSCs. While we did not entirely capture the dynamics of protein synthesis during the 
NSC mechanosensitivity time window since we are only measuring nascent protein 
synthesis at 24-hours post differentiation, these results demonstrate that modulating 
eEF1A1 may influence protein synthesis in addition to changes in Rho-GTP and YAP 
levels during NSC differentiation. Interestingly, there is work indicating that eEF1A1 is a 
main player in linking the influence of substrate stiffness to overall protein synthesis73. 
Interestingly, previous work has shown that changes in the F-actin bundling properties of 
eEF1A1 also lead to chances in the aminoacyl-tRNA binding of protein synthesis74. Thus, 
further work exploring the relationship between eEF1A1, F-actin, and protein synthesis is 
needed.  

As mentioned above, eEF1A1 plays an important role in protein elongation and 
modulating the expression levels of eEF1A1 may also influence protein synthesis. Even 
before exploring eEF1A1, we saw differences in YAP protein levels on stiff relative to 
soft substrates in the mechanosensitive time window, but the phenomena as to why we 
see differences in YAP levels remain unclear. In this study, we  determined that eEF1A1 
suppression reduced YAP expression and increased ß-catenin activity on stiff substrates. 
Rescue of eEF1A1 conversely increased YAP on stiff substrates, whereas rescue of 
∆DIII-eEF1A1 mutant did not. These results suggest that eEF1A1 influences the overall 
YAP levels during this mechanosensitive time window. 

To determine whether eEF1A1 is potentially influencing YAP through changes in 
Rho-GTP levels or protein synthesis, we also measured the levels of phospho-
angiomotin, which previous work in our lab shows is upregulated on soft substrates, and 
interacts with YAP to prevent it from interacting with ß-catenin67. On stiff substrates, 
phospho-AMOT level decreases as a result of higher Rho-GTP levels. Interestingly, on 
stiff substrates, we see a decrease in phospho-AMOT in the knockdown cells and the 
DDIII eEF1A1 rescue lines relative to naïve and WT eEF1A1 rescue lines (Figure A.2) . 
Thus, this provides more evidence that eEF1A1 may be regulating YAP levels through 
changes in Rho-GTP levels and phospho-AMOT. However, more follow up studies are 
necessary as to whether eEF1A1 is regulating phospho-AMOT through influencing Rho-
GTP levels or total AMOT levels, and whether these changes in phospho-AMOT is 
leading to the differences in YAP.   

A novel part of this study is initial unbiased transcriptomic analysis of the NSCs 
differentiating on soft and stiff substrates during the early mechanosensitive time 
window. We chose our focus at the 12-hour time point after observing a large deviation 
in gene expression between soft and stiff substrates. However, we still do not know what 
results in these differences in transcript levels. Recent work has shown that  microRNAs, 
which are a class of non-coding RNAs that regulate gene expression by binding to 
specific elements in mRNA, are sensitive to mechanical stiffness cues75. If bound to a 
mRNA, microRNAs can result in mRNA destabilization76. Thus, it would be interesting 
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to explore, in the context of adult hippocampal NSCs, whether microRNAs or other post-
transcriptional modifiers regulate the gene expression differences between NSCs 
differentiating on soft versus stiff substrates.  

Furthermore, we have yet to explore how the changes in gene expression 
throughout early differentiation (as seen from our initial hierarchical clustering analysis) 
impact fate commitment. Our focus of this chapter was on eEF1A1, which besides the 
12-hour time point, had no changes in transcript level from 0-hour and 36-hour post 
differentiation in NSCs seeded on both soft and stiff substrates (eEF1A1 was part of 
Cluster 2, Table A.1). Cluster Group 1 and group 3 groups showed decrease and increase 
transcript levels, respectively, over time in both soft and stiff substrates. Interestingly, 
genes such as Orc677, and Cdk278, showed up in Group 1 (Table A.1), both of which have 
important roles in cell cycle regulation. One example to take these results further (based 
on seeing these two genes in this clustering analysis) would be to explore if stiffness is 
impacting cell cycle regulation, which is important in the context of neurogenesis79, 
during this early mechanosensitive time window. Overall, these observations lead us to 
believe that matrix stiffness is impacting the expression of genes involved not just in 
regulating in neurogenesis, but also impacting genes that normally would not change 
during neurogenesis (specifically Group 2).  

The exact mechanisms underlying how the mechanotransduction of biophysical 
cues from the extracellular matrix into cytoskeletal changes influences NSC lineage 
commitment remains unknown. This project utilizes RNA-seq analysis to identify 
candidate genes involved in mechanotransduction that are differentially expressed in 
NSCs differentiating on soft and stiff substrates. Our focus of this work is on one of those 
candidate genes, eEF1A1, which regulates neurogenesis through modulating Rho-GTP 
levels during the mechanosensitive time window. This integration of stem cell biology, 
mechanobiology, and novel genetic technologies promises to advance our fundamental 
understanding of the impact of tissue mechanics on stem cell behavior, which has 
widespread implications for both basic science/biology and therapeutic translation.  
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Figure 2.6: eEF1A1 upregulation on stiff substrates leads to a suppression of neurogenesis 
by increasing RhoA activity and YAP protein levels 

2.4. Materials and Methods 

Neural Stem Cell Culture 

Adult rat hippocampal cells were extracted and cultured as discussed 
previously35,80. Briefly, the cells were cultured in DMEM/F12 supplemented with N2 
Supplement (Invitrogen) and 20 ng/ml of FGF-2 (Proteintech) (proliferation conditions) 
and seeded on plates coated with poly-L-ornithine and laminin. The media was changed 
every two days to maintain the cells in a proliferative state. For differentiation studies, the 
cells were initially seeded at a density of 25,000 cells/cm2 and maintained in proliferation 
conditions for 16-18 hours to allow the cells to attach to the substrate. The cells were then 
switched to differentiation conditions, which consists of DMEM/F12, 1% fetal bovine 
serum (FBS) and 1 uM retinoic acid. The media was changed every two days for a total 
of 6 days.  
 

Polyacrylamide gel synthesis and protein functionalization 

The initial polyacrylamide precursor solution is composed of a mixture of 
acrylamide monomer and bisacrylamide crosslinker. The concentration for the 500 Pa 
(soft) gel precursor solution is 3% acrylamide + 0.1% bisacrylamide, whereas for the 73 
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kPA (stiff), the gel solution consists of 10% acrylamide + 0.3% bisacrylamide.  The 
concentration of each component varies and is dependent on the final desired 
polyacrylamide gel stiffness36. To initialize the gel polymerization, the precursors 
solution was mixed with 1% ammonium persulfate and 0.1% tetramethylethylenediamine 
(TEMED) and synthesized on 12-, 18-, or 25 mm glass coverslips. Sulfo-sanpah solution 
(5 ul/ml) was added to the polymerized gels to functionalize the gels Laminin (25 ug/ml).   
 

RNA sequencing sample preparation 

RNA from NSCs differentiating on soft and stiff substrates was collected at 0-, 
12-, 24, and 36- hours after initiating differentiation. RNA was lysed and purified using 
RNAeasy Minikit (Qiagen). A total of three biological replicates were collected for each 
condition. Total RNA samples were checked on the Bioanalyzer (Agilent) to assure each 
sample had an RIN > 8. The samples were then sent off to the UC Davis Genome Center 
for library preparation. The preparation was done using the QuantSeq 3’ mRNA Library 
Prep Kit FWD for Illumina (Lexogen) and sequenced through the HiSeq 4000 Illumina 
Sequencer using 90 bp single-end reads.  
 

RNA sequencing analysis 

The read quality of each sample was done using FastQC81. The Phred scores of 
each sample were equal to or greater than 28. Adapter trimming was done using a 
BBTools package called BBDuk and ribosomal RNA contaminants were removed using 
BBtools package called BBSplit82. Sequences were then aligned to the rat reference 
genome Rattus Norvegicus (rn6) using HiSat83. Read count was done using htseq-count84 
and the differentially expression analysis was conducted with the DESeq2 R package57, 
which normalizes counts using the median of ratios method. Initial time series analysis 
was done using the likelihood ratio test (LRT), using a significance threshold of adjusted 
p-value of < 0.01, which lead to a total of 293 genes differentially expressed between soft 
and stiff conditions. Genes passing this threshold were then scaled to z-scores and 
clustered using DEGreports R package. The clusters identified were then retained for 
downstream gene ontology analysis which was done using DAVID version 6.885, with 
those further explored having an adjusted p-value < 0.01.  

Pairwise comparison of NSCs seeded on soft versus those on stiff substrates at the 
12-hour time point to determine differentially expressed genes was done using Wald’s 
test from the DESeq package57 using a  adjusted p-value of 0.05 (184 upregulated and 
685 downregulated genes on soft versus stiff). The identified differentially expressed 
genes were then used for further gene ontology analysis also using DAVID version 6.885, 
with those further explored having an adjusted p-value < 0.01.   

 
Quantitative Real Time PCR 

The Total RNA was isolated using RNeasy Mini Kit (Qiagen), which was further 
treated with DNAse digest enzyme from the RNAse-Free DNase Set (Qiagen) to remove 
and single or double stranded DNA. The 1 ug of total DNase treated RNA was reverse 
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transcribed using Superscript III Reverse Transcripted (Thermo Fisher Scientific) along 
with a mix of random hexamer and oligo(dT)20 primers (Thermo Fisher Scientific).  
Quantitative PCR reactions were done in CFX Connect Real-Time PCR System (Bio-
Rad), with three replicates conducted per sample.  

 
Knockdown and overexpression vectors 

For generating the knockdowns, 21-mer siRNA constructs (shRNA-1: 
GGAAGTCAGCACCTACATTAA, shRNA-2:GCCAACTCGTCCAACTGACAA, 
shRNA-3: GCTCCAGTCAATGTAACAACT) were designed to target the rat eEF1A1 
cDNA region using the online InvivoGen siRNA Wizard Software, along with a scramble 
control (GGTAGGAAATG TTT AGAGTCTCGAGA). The final shRNA construct 
consists of the siRNA-sense + loop+ siRNA antisense sequences, with EcoRI and AgeI 
restriction enzyme sticky ends, allowing insertion to the pLKO.1 vector. The pLKO.1 – 
TRC cloning vector was a gift from David Root (Addgene plasmid # 10878).  

pGBDUC2 plasmids containing either the full human eEF1A1 cDNA, and 
Domain 1+ Domain cDNA sequences were a generous gift from Charlotte Knudsen 
(Aarhus University, Denmark). The eEF1A1 cDNA sequences were PCR amplified 
(KAPA HiFi HotStart PCR Kit) with SfiI and PmeI digest sites to allow for insertion into 
the pCLGPIT Vector 
 

Viral transduction 

HEK 293T cells were seeded one day prior at approximately 90% confluency on a 
10cm plate. To package the pLKO.1 vector into lentiviruses, 10 ug of the pLKO.1 vector 
along with 7.5 ug of psPAX2 packaging plasmid and 2.5 ug of pMD2.G envelope 
plasmid were mixed along with 120 ul of polyethylenimine (PEI). This mixture was 
added dropwise to the cells. The supernatant was collected 48- and 72-hours post 
transfection and was filtered and pooled prior to ultracentrifugation. The viral particles 
were resuspended using cold PBS. The CLGPIT/CLPIT vectors were packaged similarly 
as the lentiviruses but were packaged into retriviruses. 10 ug of the pCLGPIT/pCLPIT 
vectors were used along with 6 ug of the pCMV gag-pol packaging plasmid and 4 ug of 
pcDNA3-IVS-VSV-G envelope plasmid.  

The NSCs were transduced in all cases at a multiplicity of infection of 1. Cells 
transduced with the lentivirus containing the pLKO.1 vector were selected with 0.6 ug/ml 
puromycin86 for 4 days or until the negative control were dead. To rescue eEF1A1 on top 
of the knockdown, Cells with the shRNA constructs were transduced again but with the 
pCLGPIT vectors. These cells became GFP+ which were sorted from the GFP- 
population using FACS.   
 

Immunofluorescence staining and imaging 

The cells were fixed in 4%(vol/vol) paraformaldehyde (Alfa Aesar) for 20 
minutes at room temperature, permeabilized with 0.5% Triton-X for 10 minutes, and 
blocked in 10% goat serum for 1 hour. Between each step, the cells were washed twice 
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with phosphate-buffered saline (PBS). Following the blocking, the cells were stained 
with primary antibodies overnight at 4C, and then with secondary antibodies for 1 hour at 
room temperature. After additional washes, 4’6-diamidino-2-phenylindole (DAPI) was 
added as the nuclear marker. The primary antibody used was Tubb3 (1:1000; Biolegend 
801201). Secondary antibodies from Life Technologies were obtained using the 
appropriate species conjugated to either an Alexa-488 or -633 fluorophore.  

Epifluorescence images were taken using Zeiss Axio Observer epi-fluorescent 
microscope (CIRM/QB3 Shared Stem Cell Objective, with a 10x objective. Samples 
were submerged in PBS during image acquisition. Image processing, including stitching 
and z-slice projection, and analysis was carried out using either Fiji87 or CellProfiler88. 
Structured Illumination (SIM) epifluorescnce images were taken in the Elyra PS.1 using 
60x objective and analyzed using Zeiss imaging software.  

 
Western blot and RhoA Activation Assay (G-Elisa) 

For Western blot assay, cells were first lysed in HALT Protease Inhibitor Cocktail 
and RIPA Buffer (Thermo Fisher) for 5 minutes in 4C. The protein concentration was 
determined using a bicinchonic acid (BCA) assay. Lysates were mixed with LDS and 
reducing agent, and then heated for 5 minutes in 95C. The samples were then run on a 4-
12% Bis-Tris gel and transferred onto nitrocellulose membrane (Licor). The membrane 
was blocked for one hour (Licor), and then incubated with primary antibody overnight. 
The next day, the membrane was washed with twice with TBST (5 minutes per wash), 
then incubated with IRDye secondary antibodies (Licor). The membrane was imaged 
using the Licor Odyssey 9120 Imaging System. The following antibodies were used: anti-
eEF1A1 (1:1000; abcam ab157455), ß-actin (1:20000, Sigma Aldrich A2228), anti-Yap 
(1:1000; Cell Signaling 4912S), and anti-c-Myc (1:1000; Cell Signaling 2276S).  

RhoA Activity was determined using the RhoA G-elisa Activation Assay 
(Promega, Cat # BK124), which measured the active form of RhoA in the cells (RhoA-
GTP levels). Briefly, the cells were seeded overnight, and differentiated for 24-hours 
prior to sample collection. Cells were lysed for 10 minutes, which afterwards the total 
protein concentration was determined using Precision Red. Absorbance for measuring 
RhoA activity was read at 490 nm using a plate-reading luminometer 
 

TCF Luciferase Assay  

The shRNA-3 eEF1A1 knockdown and scramble NSC control were further 
transduced with a lentiviral construct expressing a 7xTFP TCF/LEF luciferase reporter. 
This reporter is response to ß-catenin-TCF/LEF-based transcription. The cells transduced 
with the reporter were selected with hygromycin 100 ug/ml for one week prior to 
performing experiments. The cells were then seeded and differentiated on stiff substrates 
for 24 hours in mixed differentiation conditions before lysates were collected. The lysis 
buffer used came from the Luciferase Assay System kit (Promega), and the assay was 
carried out with a plate-reader luminometer.  
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Overall Nascent Protein Synthesis Assay 

Overall  nascent protein synthesis was analyzed using nonradioactive metabolic 
labeling (Click-IT OPP Alexa Fluor 568 Protein Synthesis Kit). Briefly, NSCs were 
exposed to OPP reagent for about 30 minutes. The cells were then fixed (4% 
paraformaldehyde) and permeabilized (0.5% Triton) before OPP detection. The signal 
intensity of incorporated OPP was determined using a Nikon Eclipse TI Microscope, 
Hamamatsu Photonics K.K. C10600-10B-H camera, using 20x objective lens, and native 
Prairie View Software. The samples were analyzed by measuring the signal intensity 
emitting from the 568 channel within and surrounding the nucleus using Fiji software87. 
As a negative control, cells were pre-treated with cycloheximide (50 ug/ml) for 30 
minutes prior to performing the experiment.  
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Chapter 3: Substrate Stiffness influences the alternative 
polyadenylation of mRNA transcripts during NSC 
differentiation 
3.1. Introduction 

Prior to becoming fully mature messenger RNAs (mRNA), pre-mRNAs undergo 
several modifications that influence their ability to get translated into a functional 
protein89. One of the modifications is the addition of the poly-A tail to the pre-mRNA, a 
process referred to as polyadenylation90–92.The process of polyadenylation is regulated by 
four distinct protein complexes, the cleavage and polyadenylation specificity factor 
(CPSF), the cleavage stimulation factor (CstF), the cleavage factor I (CFIm), and the 
cleavage factor II (CFIIm)93. Polyadenylation begins with these protein complexes first 
identifying polyadenylation signals (PAS) within the 3’UTR of pre-mRNA. These 
proteins then cleave the 3’UTR a few nucleotide downstream of the PAS, and synthesize 
the poly(A) tail at the end of the 3’UTR. Interestingly, 70% of genes94 contain transcribe 
mRNAs that contain multiple PAS in the 3’UTR, thus resulting in the alternative usage of 
these PAS in the mRNAs that encode the same coding region but vary in 3’UTR length95. 
Having a longer 3’UTR results in more potential binding sites within the 3’UTR for 
microRNA and RNA-binding proteins (RBPs) to target. Specifically, microRNAs mostly 
target regions in the 3’UTR, promoting further mRNA degradation and decreased protein 
translation96. Thus, the sequence and composition of the 3’UTR region serve as another 
level of complexity in the post-transcriptional regulators of gene expression to determine 
the stability of mRNA, and overall cell behavior.  

Intriguingly, recent work has shown that substrate stiffness influences usage of 
the proximal and distal usage of the PASs in the 3’UTR. When lung fibroblasts are 
exposed to a substrate stiffness that equals that of a fibrotic lung, these cells alter their 
extracellular matrix production (primarily collagen and fibronectin) to mimic that of their 
fibrotic environment. When cultured on a stiffness that emulates the fibrotic lung, there is 
an decrease in Cleavage Factor Proteins (CFIm25, CFIm68, and CFIm69), and thus 
favoring the usage of the proximal PAS in the 3’UTR97. This results in a shorter 3’UTR 
of collagen and fibronectin and overall higher protein expression. While there is an array 
of work discussing extracellular cues that regulate PAS usage98, this is the first work 
showing how mechanical cues regulates the expression of the CFIm proteins, and thus the 
length of the 3’UTR region. In addition, pathways such as TGF-ß199,100 and mTOR101,102 
also have been shown to regulate CFIm protein expression and PAS usage. These 
pathways have been shown to be involved in orchestrating mechanotransduction cues in 
various cell types103, and thus potential regulators in linking matrix cues to PAS usage.    

Furthermore, CFlm proteins have been showing to dictate stem cell fate and 
neural behavior. Specifically, in induced pluripotent stem cells, reducing the expression 
of CFlm25 protein by suppressing the expression of the gene that transcribes it, NUDT21, 
results in the impaired differentiation of the pluripotent stem cell104. This study further 
elucidated that mechanism of CFlm25 in pluripotency and showing that by changing the 
expression of this CFlm25 protein there is an alternative usage of PAS of genes (thus 
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generating 3’UTR mRNA isoforms) involved in reprogramming such as integrin 
mediated and MAPK signaling pathways. Interestingly, inhibiting expression of NUDT21 
in human-stem cell derived neural cells also resulted in alternative PAS usage and protein 
dysregulation, resulting in cognitive impairment in mice105. 

Motivated by these studies, this work focuses on elucidating the relationship 
between substrate stiffness and the alternative polyadenylation usage of 3’UTR of 
mRNA, particularly in the context of adult neural stem cells differentiation. This study 
first begins by identifying 3’UTR isoforms in mRNA that are enriched in NSCs seeded 
on soft and stiff substrates using a method called CSI-UTR106. We then performed a more 
in-depth analysis on the alternative PAS usage and determined that distal PASs in the 
3’UTR of mRNA are favored in NSCs seeded on soft substrate relative to stiff substrate. 
Lastly, we identified CFIm25 as a mechanosensitive protein in NSCs during early 
differentiation, thus providing more evidence that stiffness may regulate the alternative 
polyadenylation of mRNA to ultimately dictate NSC fate.  

3.2. Results 

Determining 3’UTR isoform enrichment using CSI-UTR 

To explore whether we see 3’UTR isoforms enriched on soft (500 Pa) versus stiff (73 
kPA) substrates, we used previously analyzed RNA-seq data of NSCs differentiating on 
soft and stiff substrates at time points 0-, 12-, 24-, and 36-hours post differentiation (from 
Chapter 2). Using this dataset, we determined which 3’UTR isoforms are differentially 
expressed between NSCs on soft versus stiff conditions using a method called CSI-
UTR106. This method first identifies the total count data of reads that aligned to each of 
the 3’UTR isoforms of all the RNA transcripts in the transcriptome. Then, it compares 
the ratio of reads that belong to a specific 3’UTR region in NSCs seeded on soft to those 
seeded on stiff. This program does this for all the 3’UTR isoforms and a Fisher’s Exact 
test (followed by Benjamini-Hochberg for False Discovery, FDR) is used to determine 
the p-value. An example of a CSI significance calculation is shown in Figure 3.1.  

 
Figure 3.1: Example of CSI significance calculation. Shown is the calculation of the FDR-
corrected significance for Morf4l1 gene in NSCs seeded on soft versus stiff substrates at the 12-
hour time point. The counts in each intervals are normalized to the total count in each dataset.  

The total number of 3’UTR isoforms differentially expressed in NSCs seeded on 
soft versus substrates at each time point can be seen in Table 3.1:  
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Table 3.1: Results of CSI-UTR Analysis 

As seen in the table, most of the differentially expressed 3’UTR isoforms (and 
respective gene) occur at the 12-hour time point. This quantitative observation can be 
seen qualitatively in the alignment of RNA transcripts of two genes in particular, 
isopentyl-diphosphate delta isomerase 1 (IdI1) and Mortality Factor Like 4 Like 1 
(Morf4l1) (Figure 3.2).  

 Idi1 is a gene involved in the synthesis of cholesterol107, whereas Morf4l1 is 
involved in regulating chromatin activity108. Neither of these genes have been involved in 
the context of neurogenesis or mechanobiology. However, as seen from Figure 3.2 for 
both Idi1and Morf4l1 genes, a greater amount of transcripts are aligned to a shorter 
3’UTR isoform in NSCs on soft substrates, resulting in favoring the proximal PAS, 
whereas in NSCs on stiff substrates, we see more transcripts aligned to a longer 3’UTR 
isoform, thus in favoring the distal PAS. These initial results indicate that substrate 
stiffness may be indirectly regulating the post-transcriptional modification of mRNA by 
influencing the usage of PAS and resulting in different 3’UTR isoforms.  

 

Condition  # of Differentially Expressed 
3’UTR isoforms  

# of genes that 
transcribed 
Differentially 
Expressed 3’UTR 
isoforms 

0 hour soft vs. stiff 27 13 
12 hour soft vs. stiff 284 132 
24 hour soft vs. stiff 2 2 
36 hour soft vs. stiff 12 7 
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Figure 3.2: Read coverage track of two genes identified in the CSI-UTR analysis. Alignment 
was done using IGV software109.   

Substrate Stiffness leads to alternative PAS usage in the 3’UTR of mRNA during 
NSC differentiation 

By knowing which 3’UTR isoforms are enriched in NSCs seeded on soft versus 
stiff substrates, we determined whether substrate stiffness promotes a shorter 3’UTR 
(proximal PAS usage) or longer 3’UTR (distal 3’UTR) by comparing the nucleotide 
lengths of the enriched 3’UTR isoforms on soft vs stiff substrates (Figure B.1). If φ > 0, 
there is an decrease in 3’UTR length of the mRNA on stiff versus soft substrate, and if 
φ < 0, there is a, increase in 3’UTR length on stiff versus soft. A table summarizing the 
3’UTR lengthening and shortening of each mRNA transcripts of NSCs from each time 
point can be seen in Table 3.2.  
 

 0 hour 12 hour 24 hour 36 hour 

Increase in 3’UTR 
length (on stiff versus 
soft)(	φ < 0,) 

5 21 0 2 

Decrease in 3’UTR 
length (on stiff versus 
soft) (φ > 0), 

8 111 1 5 

Total Genes  13 132 2 7 

Table 3.2: Results from determining the lengthening and shortening of the 3’UTR region of 
the mRNAs that had differentially expressed 3’UTR isoforms (from the CSI-UTR analysis) 

Previously, we identified which genes are differentially expressed in NSCs 
differentiating on soft versus stiff substrates (results discussed in Chapter 2) based on 
comparing overall RNA transcript levels.  As previously discussed, the lengthening and 
shortening of the 3’UTR region of mRNA may influence the stability of the mRNA, and 
thus its expression. To determine whether there is a relationship the lengthening and 
shortening of each 3’UTR and overall expression, we plotted the -log10(FDRCSI) value on 
the x-axis, and the log fold change difference of the overall transcripts levels on the y-
axis (Figure 3.3). The genes that had a longer 3’UTR isoform on soft versus stiff (φ > 0) 
were plotted on the left side of the graph where as those with a shorter 3’UTR isoform  
(φ < 0)	were plotted on the right.  
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Figure 3.3: Scatter plot of RNA-seq data. Horizontal lines represent the cutoff value for one 
fold change in differential gene expression. Vertical line represent the cutoff value for the -
log10(padj-value) of the 3’UTR shortening (1.3 represents p-value of 0.05) of NSCs in soft and stiff 
substrates which was determined using Fisher’s Exact test.  

As seen from this plot, it appears that most of the RNA transcripts have a longer 
3’UTR on soft substrates versus stiff substrates. Out of all the X genes that, based on 
overall transcript count, were differentially expressed on soft versus stiff substrates 
(logFC>0.05 and padj < 0.05), 39 genes had transcripts that have a longer 3’UTR region 
on soft substrates relative to stiff substrates. A longer 3’UTR region may result in post 
transcriptional modifications of mRNA transcripts by including more microRNA and 
ribosomal protein binding sites that induce RNA degradation110. Thus, this is evidence 
that perhaps the length of the 3’UTR region may have some influence on whether an 
RNA is properly transcribed or not.  

To experimentally verify the lengthening and shortening of the 3’UTR analysis of 
the RNA-seq analysis, we used a previously published method102 to calculate the ‘relative 
shortening index’ (RSI) value. The equation used to calculate the RSI can be seen below 
along with Figure 3.4.a depicting the positioning of the primers used to amplify the total 
RNA and the long-specific region of the RNA transcript. The RSI of genes from 
conditions that either showed no difference in 3’UTR length, or an increase or decrease 
in 3’UTR length on soft versus stiff substrates was determined and can be seen in Figure 
3.4.b. These results experimentally verify the observations seen from the computational 
analysis that shows differences in 3’UTR lengthening and shortening of certain mRNA 
transcripts.  
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𝑹𝑺𝑰 = −𝒍𝒐𝒈𝟐 1	
𝑳𝑰	𝒐𝒏	𝒔𝒕𝒊𝒇𝒇	𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆
𝑳𝑰	𝒐𝒏	𝒔𝒐𝒇𝒕	𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆

= 

𝐿𝐼 = [𝑙𝑜𝑛𝑔]/[𝑡𝑜𝑡𝑎𝑙] 

 

 

Figure 3.4: Experimental verification of 3’UTR analysis of RNA-seq results. (A) Primer 
design strategy to target the long 3’UTR region and the total primer to quantify total transcript 
levels. (B) RSI results of some of the genes identified in CSI-UTR analysis 

Substrate Stiffness regulates the expression of CFIm25  

Once we observed and verified that substrate stiffness influences the shortening 
and lengthening of the 3’UTR, we wanted to determine what intermediate players are 
involved in linking these two processes. Previous work has shown that a substrate 
stiffness regulates the expression of components of the mammalian cleavage factor I 
(CFIm), which in turn regulate the alternative polyadenylation usage of the PASs of 
mRNA93. Specifically, when cultured on stiff substrates, proximal PAS in fibroblasts, 
resulting in shorter 3’UTR and thus an increase in the overall protein production97. 
Furthermore, three components of the cleavage factor complex (CFIm68, CFIm59, and 
CFIm25) were upregulated in lung fibroblasts cultured on soft substrates versus stiff 
substrates, thereby regulating the distal usage of the PAS signals97.  

Motivated by this work, we studied whether substrate stiffness influences the 
protein abundance of any of the CFIm complexes listed above. We focused our attention 
first on measuring CFIm25 due to its strong relevance in pluripotent stem cell 
differentiation104. We seeded naïve NSCs on soft and stiff substrates in mixed 
differentiation conditions (1% FBS and 1 uM retinoic acid) and differentiated them for 24 
days. We chose this time point as it is within the mechanosensitive time window in which 
mechanical cues have the largest influence on NSC fate commitment40. We then collected 
their lysates for Western Blot analysis. The results seen in Figure 3.5 indicate that at the 
start of differentiation (0 hour), we see no differences in CFlm25 expression in NSCs 
seeded on soft versus stiff substrates. However, during differentiation, we begin to see 
significant differences in expression levels, with a two fold increase on soft versus stiff 
substrate (Figure 3.5). Therefore, stiffness may be regulating the alternative 
polyadenylation, and thus the shortening and lengthening of 3’UTR regions of RNA 
transcripts by regulating the expression of CFlm25.  

 

a) b) 
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Figure 3.5: CFIm25 levels increase in NSCs seeded on soft substrate relative to stiff during 
differentiation. (A) Western blot results of naïve  NSCs collected at the 24-hour time point. B) 
Western blot quantification results of CFIm25 protein levels normalized to 𝛽-actin. N=3 

Knockdown of CFIm25 suppresses neurogenesis 

To test the functional importance of CFlm25 on neurogenesis, we generated two 
short hairpins (shRNA-1 and shRNA-2) to target NUDT21 gene (which expresses the 
CFIm25 protein) at different sites within the coding region (Figure 3.6.a). We packaged 
the plasmid encoding these hairpins (along with a scramble control) into lentiviruses and 
infected into NSCs. We then seeded the knockdown (only shRNA-1 and shRNA-2) and 
scramble cells on soft and stiff substrates in mixed differentiation conditions (1% FBS 
and 1 uM retinoic acid) and differentiated for 6 days. The cells were then immunostained 
for Tuj1% to measure the overall neurogenesis effect as seen in Figure 3.6.b. Knocking 
down CFIm25 decreased overall neurogenesis of NSCs differentiating on both soft and 
stiff substrates (on soft to 15% and on stiff to 10%) (Figure 3.6.c). These results indicate 
that CFIm25 is an important mediator of adult hippocampal neurogenesis.  
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Figure 3.6: Knocking down CFIm25 (by targeting NUDT21 gene) suppresses expression (A) 
Western blot validating the shRNA knockdowns (B) Representative immunofluorescent images 
of naive, NUDT21 KD’s (shRNA-1 and shRNA-2) NSCs after culture in mixed differentiating 
conditions (1 uM retinoic acid + 1% Fetal Bovine Serum) on soft (500 Pa) or stiff (73 kPA) gels 
for 6 days. Cells were fixed and stained for DAPI (blue) and Tuj1 (Green), a neuronal marker. 
Bar = 100 uM. C) Immunostaining results of knockdowns. N=2.    

3.3. Discussion 

Throughout the past few years, our lab and others have shown that mechanical 
cues from the extracellular matrix influences NSC fate commitment, but the intermediate 
steps linking them together remain unclear. Previous bioinformatic results show that 
substrate stiffness influences transcript levels during NSC differentiation, and that these 
differences in mRNA transcript levels lead to differences in NSC fate commitment. 
However, the mechanism that leads to these differences in transcript remains unknown.  

The overall focus of this study was to determine whether substrate stiffness 
influences the post transcriptional modification of mRNA, specifically the alternative 
polyadenylation of the 3’UTR of mRNA. The alternative polyadenylation of 3’UTR 
results in mRNA isoforms that have the same coding region but different 3’UTR lengths 
(referred to as 3’UTR isoforms). Within the mRNA transcript, there are multiple 
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polyadenylation signal sites (PAS) where polyadenylation can occur, thus allowing many 
genes to code for several mRNA that differ in their 3’end.  

We first gained insight that substrate stiffness may regulate alternative 
polyadenylation of NSCs during differentiation after observing differences in the 
alignment of reads of previously acquired RNA-seq dataset. To gain a more unbiased 
perspective, we used a method called CSI-UTR106 to allow us to determine which 3’UTR 
isoform is enriched on soft versus stiff substrates. These results show that there are 
different 3’UTR isoforms enriched in each condition and that these differences are mostly 
seen 12-hours after initiating differentiation. This initial bioinformatics study provides 
evidence that different PAS are used on soft versus to stiff, resulting in 3’UTR isoforms 
present in each stiffness condition.  

For each mRNA that our study identified to have different 3’UTR isoforms on 
soft vs stiff, we compared the length of the 3’UTR isoform enriched on soft to that on 
stiff to see if substrate stiffness is influencing overall 3’UTR length. Interestingly, we see 
more usage of the distal PAS of 3’UTR in NSCs differentiating on soft versus those on 
stiff, resulting in longer 3’UTR isoforms. Previous work has shown that longer 3’UTR 
isoforms result in less mRNA transcript stability and overall protein production due to 
more binding sites for microRNAs and ribosomal binding proteins to target. Interestingly, 
mechanical cues also seem to regulate the expression of microRNAs75, thus the interplay 
between microRNA expression and the alternative polyadenylation would be interesting 
to further explore. For example, in the gene eEF1A1, we see more usage of the distal, 
allowing more AU-Rich element binding sites for microRNA to target111 (Figure B.2). 
Overall, the differences in the lengthening and shortening of the 3’UTR of mRNA may 
be the reason for transcript level differences in NSCs cultured on soft versus stiff 
substrates.  

Furthermore, we determined a protein that is involved in the mammalian cleavage 
factor I (CFIm) complex which regulates the cleavage of the 3’UTR, is sensitive to 
mechanical cues. This protein, CFIm25 is upregulated in NSCs on soft versus stiff 
substrate during early neurogenesis. While we have not yet determined whether this 
difference is resulting in differences in the usage of PAS in NSCs differentiating on soft 
versus stiff substrates, other work has shown that the upregulation of CFIm25 results in 
longer 3’UTR of mRNAs encoding matrix proteins collagen and fibronectin97. While it is 
not clear as to how substrate stiffness is influencing the expression of CFIm25, other 
work has shown that TGF- ß1 signaling influences this proteins expression level100. TGF- 
ß1 signaling is also a pathway heavily studied in the field of mechanotransduction112 but 
its involvement in NSC mechanosensing has yet to be explored.  

Lastly, previous work has shown that suppression of CFIm25 levels results in 
impaired differentiation of pluripotent stem cells by enhancing the expression of genes 
involved in maintaining pluripotency during differentiation104.  Similarly, knocking down 
CFIm25 in NSCs resulted in a decrease of neurogenesis on both soft and stiff substrates. 
However, we do not know whether reducing CFIm25 levels leads to changes in fate 
commitment, or just impairing differentiation. While these differentiation results are 
similar to those observed in pluripotent stem cells, we have yet to determine whether 
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these differences lead to changes in 3’UTR lengthening of pluripotent genes, or the genes 
found in the CSI-UTR analysis.  

As discussed earlier, we used a method called CSI-UTR to identify the 3’UTR 
isoforms present in each of our RNA-seq datasets. CSI-UTR uses a more annotated rat 
genome that includes more information regarding the composition 3’UTR region, which 
was done using polyA seq data to annotate the regions between PAS. However, one 
drawback to this method is that it heavily relies on polyA seq data to annotate the 3’UTR 
isoforms of mRNA in the rat genome. Thus there may be some 3’UTR isoforms that are 
missed due to lack of polyA seq data. Over time, with more polyA seq data become 
available can we have more coverage of the 3’UTR isoforms that are present in our 
samples.  

The main hypothesis as to how substrate stiffness is influencing the alternative 
polyadenylation of the 3’UTR of mRNA is through changing the expression level of 
CFIm25. While the functional results do show a drastic difference in fate commitment, 
we have yet to establish relevance to CFIm25 influence on 3’UTR composition. Thus, 
there is a possibility that CFIm25 may not have an impact on the lengthening and 
shortening of 3’UTR and may influence fate commitment through other means. If this is 
the case, there are other CFIm subunits (such as CFIm59 and CFIm68) that in other work 
are shown to be sensitive to stiffness cues and regulate 3’UTR shortening and stiffening. 
We are also interested in investigating whether the mTOR pathway may be regulating the 
lengthening and shortening of the 3’UTR in our NSCs. As discussed earlier, mTOR is 
also regulates the alternative polyadenylation of 3’UTR in other cell types102. 
Furthermore, treating our NSCs with mTOR inhibitor, Torin1, shows a drastic reductions 
of neurogenesis, while not impacting overall cell viability (Figure B.3). However, we 
have not tested whether mTOR activity differs in NSCs differentiating on soft versus 
stiff.  

The alternative polyadenylation of the 3’UTR of mRNA has not only been 
recently been discovered to play a role in mechanotransduction, but also been connected 
to have heavy roles in in neurological disorders. One example is seen in patients with 
Huntington’s disease where long 3’UTR isoform of the huntingtin gene is altered113. 
However, the mechanism as to how this gene is altered remains unknown. Another 
disease impacted by 3’UTR isoforms is myotonic dystrophy type I114. In this disease, 
there is a repeat expansion of the 3’UTR in the DMPK gene, which in turn prevents the 
gene from undergoing normal pre-mRNA processing. Furthermore, CFIm25 has been 
indicated as a potential diagnostic marker for glioblastoma multiforme115. Thus, 
understanding the regulatory mechanisms that modulate alternative polyadenylation can 
not only help us understand in a how stiffness is influencing NSC fate commitment, but 
also ways to treat diseases impacted changes in this mechanism for developing more 
effective treatments.  

 

3.4. Materials and Methods 
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Neural Stem Cell Culture 

Adult rat hippocampal cells were extracted and cultured as discussed 
previously35,116. Briefly, the cells were cultured in DMEM/F12 supplemented with N2 
Supplement (Invitrogen) and 20 ng/ml of FGF-2 (Proteintech) (proliferation conditions) 
and seeded on plates coated with poly-L-ornithine and laminin. The media was changed 
every two days to maintain the cells in a proliferative state. For differentiation studies, the 
cells were initially seeded at a density of 25,000 cells/cm2 and maintained in proliferation 
conditions for 16-18 hours to allow the cells to attach to the substrate. The cells were then 
switched to differentiation conditions, which consists of DMEM/F12, 1% fetal bovine 
serum (FBS) and 1 uM retinoic acid. The media was changed every two days for a total 
of 6 days.  
 
Polyacrylamide gel synthesis and protein functionalization 

The initial polyacrylamide precursor solution is composed of a mixture of 
acrylamide monomer and bisacrylamide crosslinker. The concentration for the 500 Pa 
(soft) gel precursor solution is 3% acrylamide + 0.1% bisacrylamide, whereas for the 73 
kPA (stiff), the gel solution consists of 10% acrylamide + 0.3% bisacrylamide.  The 
concentration of each component varies and is dependent on the final desired 
polyacrylamide gel stiffness36. To initialize the gel polymerization, the precursors 
solution was mixed with 1% ammonium persulfate and 0.1% tetramethylethylenediamine 
(TEMED) and synthesized on 12-, 18-, or 25 mm glass coverslips. Sulfo-sanpah solution 
(5 ul/ml) was added to the polymerized gels to functionalize the gels Laminin (25 ug/ml).   
 

Identifying 3’UTR isoforms using CSI-UTR 

The method, CSI-UTR, was used to determine the coverage of our reads that align 
to the cleavage site intervals (CSIs) of the Rattus Norvegicus (Rn6) genome. This method 
identifies a CSI as region in the 3’UTR that occur between two functional 
polyadenylation site (or a stop codon and a polyadenylation site) to determine 3’UTR 
isoforms in our sample106. Briefly, RNA-seq reads were mapped to the Rattus Norvegicus 
(Rn6) genome using HISAT aligner83, which produced uniquely aligned reads in BAM 
format. These resulting BAM files from each sample were then mapped to the CSI of the 
Rn6 genome in BED format using BEDtools82,  which produced a raw CSI counts matrix. 
This matrix was then normalized to counts per million (CPM), which was used for further 
differential expression analysis.  
 

Identifying Differentially Expressed 3’UTR isoforms 

To determine the 3’UTR regions (CSIs) that are enriched, the normalized CSI 
counts of the reads mapped to a specific CSI is compared from one condition to another. 
This approach is labeled as the Within CSI Usage Differential Expression106 and uses the 
normalization matrix acquired above of each sample set was used to identify 
differentially expressed CSIs.  
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Briefly. the percentage of the enriched CSI reads from the stiff condition 
(ψJK)	were compared to the enriched CSI reads from the soft condition (ψLK) as seen in 
the equation below:  
 

ψJK =
AN

∑ APQRSTUV
PWX

; ψLK =
BN

∑ BPQRSTUV
PWX

;	 

	The difference in the percentage of read was calculated as:  
 

∆ψN = ψJK − 	ψLK 

 

To determine which CSIs (CSIN) are significantly differentially expressed, a Fisher’s 
exact test117 was used to calculate the p-value:  
 

(AN,a b AP

QRSTUV

PWX

c −	AN,	

BN, a b BP

QRSTUV

PWX

c −	BN) 

The p-values were then corrected for false-discovery (FDR) using the Benjamin-
Hochberg correction118.  
 

Quantitative Real-Time PCR 

The Total RNA was isolated using RNeasy Mini Kit (Qiagen), which was further 
treated with DNAse digest enzyme from the RNAse-Free DNase Set (Qiagen) to remove 
and single or double stranded DNA. The 1 ug of total DNase treated RNA was reverse 
transcribed using Superscript III Reverse Transcripted (Thermo Fisher Scientific) along 
with an anchored oligo(dT)20 Primer (Thermo Fisher Scientific).  Quantitative PCR 
reactions were done in CFX Connect Real-Time PCR System (Bio-Rad), with three 
replicates conducted per sample.  

To determine the relative shortening index (RSI) of each RNA transcript, different 
Primer sets amplifying 1) a long-specific region of the RNA, and 2) a common region 
within the cDNA to calculate total RNA were used for RT-PCR analysis. GAPDH was 
used as a housekeeping gene to compare among different conditions. The Ct value of 
each primer was converted to absolute value using the standard curve method119. The 
absolute value of each primer was normalized based on the absolute value of GAPDH of 
each condition.  
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Western Blot 

For Western blot assay, cells were first lysed in HALT Protease Inhibitor Cocktail 
and RIPA Buffer (Thermo Fisher) for 5 minutes in 4C. The protein concentration was 
determined using a bicinchonic acid (BCA) assay. Lysates were mixed with LDS and 
reducing agent, and then heated for 5 minutes in 95C. The samples were then run on a 4-
12% Bis-Tris gel and transferred onto nitrocellulose membrane (Licor). The membrane 
was blocked for one hour (Licor), and then incubated with primary antibody overnight. 
The next day, the membrane was washed with twice with TBST (5 minutes per wash), 
then incubated with IRDye secondary antibodies (Licor). The membrane was imaged 
using the Licor Odyssey 9120 Imaging System. The following antibodies were used: anti-
NUDT21 (1:1000; Proteintech 10322-1-AP), and ß-actin (1:20000, Sigma Aldrich 
A2228).  
 

Knockdown Vector 

For generating the knockdowns, 21-mer siRNA constructs (shRNA1: GGGTC 
AACCAATTCGGTAACA, shRNA2: GGTCAACCAATTCGGTAACAA, and shRNA-
3: AAACTACCTGGCGGTGAACTT) were designed to target the rat NUDT21 cDNA 
region using the online InvivoGen siRNA Wizard Software, along with a scramble 
control (GGTAGGAAATGTTTAGAGT). The final shRNA construct consists of the 
siRNA-sense + loop+ siRNA antisense sequences, with EcoRI and AgeI restriction 
enzyme sticky ends, allowing insertion to the pLKO.1 vector. The pLKO.1 – TRC 
cloning vector was a gift from David Root (Addgene plasmid # 10878).  

 
Viral Transduction 

HEK 293T cells were seeded one day prior at approximately 90% confluency on a 
10cm plate. To package the pLKO.1 vector into lentiviruses, 10 ug of the pLKO.1 vector 
along with 7.5 ug of psPAX2 packaging plasmid and 2.5 ug of pMD2.G envelope 
plasmid were mixed along with 120 ul of polyethylenimine (PEI). This mixture was 
added dropwise to the cells. The supernatant was collected 48- and 72-hours post 
transfection and was filtered and pooled prior to ultracentrifugation. The viral particles 
were resuspended using cold PBS. The CLGPIT/CLPIT vectors were packaged similarly 
as the lentiviruses but were packaged into retriviruses. 10 ug of the pCLGPIT/pCLPIT 
vectors were used along with 6 ug of the pCMV gag-pol packaging plasmid and 4 ug of 
pcDNA3-IVS-VSV-G envelope plasmid.  
 

Immunofluorescence staining and imaging 

The cells were fixed in 4%(vol/vol) paraformaldehyde (Alfa Aesar) for 20 
minutes at room temperature, permeabilized with 0.5% Triton-X for 10 minutes, and 
blocked in 10% goat serum for 1 hour. Between each step, the cells were washed twice 
with phosphate-buffered saline (PBS). Following the blocking, the cells were stained 
with primary antibodies overnight at 4C, and then with secondary antibodies for 1 hour at 
room temperature. After additional washes, 4’6-diamidino-2-phenylindole (DAPI) was 
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added as the nuclear marker. The primary antibody used was Tubb3 (1:1000; biolegend 
801201). Secondary antibodies from Life Technologies were obtained using the 
appropriate species conjugated to either an Alexa-488 or -633 fluorophore.  

Epifluorescence images were taken using Zeiss Axio Observer epi-fluorescent 
microscope (CIRM/QB3 Shared Stem Cell Objective, with a 10x objective. Samples 
were submerged in PBS during image acquisition. Image processing, including stitching 
and z-slice projection, and analysis was carried out using either Fiji87 or CellProfiler88.  
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Appendix A: Supplementary Material for Chapter 2 

 

Figure A.1: Principal Component (PCA) and Pathway Analysis of RNA-sequencing results. 
(A) Principal component analysis of the samples collected at 0-, 12- , 24-, and 36-hour time point. 
Shapes correspond to time point (circle = 0 hour, triangle = 12 hour, square = 24 hour, and 
diamond = 36 hour), and colors correspond to stiffness (purple = soft, blue = stiff). (B) DAVID 
Pathway Analysis of Group 1 (Figure 1b). Enrichment analysis of Molecular Function and 
Cellular Component (C) DAVID Pathway Analysis of differentially expressed genes identified at 
the 12-hour time point (Figure 1C). Enrichment analysis of Molecular Function, Cellular 
Component, and KEGG Pathway Analysis.  
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Figure A.2: phospho-AMOT and Overall Protein Synthesis measurements. (A) phospo-
AMOT measured at 24 hours post differentiation collected from naïve, shRNA-3+WT eEF1A1, 
shRNA-3 +DDIII eEF1A1, and shRNA-3. (B) Nascent Protein Synthesis Assay Results at the 24 
hour time point. A) Quantification of cell fluorescence following OPP incorporation Click-iT 
assay (n > 50 cells across three separate experiments) (C) Representative fluorescent images of 
naïve NSCs, cycloheximide (CHX)-treated NSCs, shRNA-3, shRNA-3 + WT, or shRNA3+DDIII 
eEF1A1, following incorporation of OPP to label nascent proteins (yellow) using a Click-iT assay 
and costaining of cell nuclei (DAPI; blue). Scale bars = 20 µm. ****p < 0.0001 two-way 
ANOVA followed by Tukey’s post-hoc test. ns = not significant.   
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Figure A.3: Structured Illumination Microscopy (SIM) images of NSCs post 24 hours 
differentiation. (A) Quantification of the Mander’s coefficient M1 (fraction of eEF1A1 
colocalization with F-actin). N=3-4 biological replicates. 7-10 cells were imaged per replicate. 
(B) Representative SIM images of naïve, shRNA-3, shRNA-3 + WT eEF1A1, and shRNA-3 + + 
DDIII eEF1A1. Scale bar = 10 µm. *p < 0.05 by two-way ANOVA followed by Tukey’s post-hoc 
test. n.s. = not significant 
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Table A.1: List of genes found in each Cluster Group (from Figure 1.1.b) 

Group 1 Group 2 Group 3 

Orc6 Uqcrc2 Mien1 Gnpda2 

Pfdn2 Gap43 Glce Med13l 

Fam98b Gtf2h5 Dync1li1 Klhl9 

Magohb Khdrbs1 Tgfa Cog3 

Arcn1 Gng5 Polr1d Fyn 

Bpnt1 Hnrnpd Raf1 Galnt11 

Spcs2 Ccdc47 Gnb2 Trim35 

Rps27a-ps1 Acat1 Golga7 Dpm1 

C1galt1c1 Sdhd Hook1 Elf1 

Rheb Vdac1 Tsnax Slc35e2b 

Atxn2l Psmd5 Lrp12 Rnf5 

Timm23 Mrps31 Wsb1 Adam9 

Armc8 Snrpf Mex3b Tgfbr2 

Gtse1 Rpa3 Rtn4 Ctsl 

Ppp4c Wdr82 Ndufa4 Tusc3 

Srp9 Cnn3 Mmadhc Paip2 

H2az1 Lsm6 Eef1a1 LOC100360087 

Atp5pf LOC100360750 Nrn1 Ftl1 

Gpn3 Swap70 Bnip3 Maf1 

Depdc1b Rbl1 Bcl10 Dpy19l1 

Eef1e1 Prpsap2 Rfk Zdhhc8 

Pfn1 Spcs3 Apod Glyr1 

Ndufc1 Wrnip1 Msx1 Ccng2 

Hint1 Emc1 Elf2 Nkx2-2 

Qsox2 Kif11 Chchd2 Ctnna1 

Slc35a1 Pcgf5 Bbs5 Sgk3 

Ramac Map3k1 RGD1308706 Galnt2 

Gabpb2 Dnajc19 Cyfip1 Cd164 

Tmed7 Slc25a5 Sft2d1 Cpeb4 
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Mrpl33 Ndufb6 Atp1b3 Selenof 

Pcgf6 Btf3 Zdhhc17 Grid1 

Rnaseh1 LOC100911361 Plod2 Snx24 

LOC100359574 Gclm Fzd1 Tmem251 

Zcchc9 Dpy30 Map2k1 Gltp 

Gatad1 Pcna Rev1 Usp19 

Ankib1 Luc7l2 Ldb1 Crtc2 

C2cd5 Rnf7 Gramd4 Gpm6b 

Lsm7 Cycs Capza1 Cyth1 

Sh3bp4 Nr4a1 Rnf130 Wdr26 

Eaf1 Fabp7 Zfp949 Slc35f5 

Hif1a Hnrnpk Sec24b Opcml 

Nphp1 Nae1 Efcab7 Rnft1 

Tma7 Pan2 Tgds Copb1 

Rps9l1 Bcas2 Ppfibp1 Cd9 

Rps13 Lsm8 Tmed4 Dnaaf9 

Micos10 RGD1308601 Sgk1 Uprt 

Hsp90aa1 Cep85 Cox7c Tex2 

Idi1 Nup98 Ost4 Trappc8 

Hdac2 Tp53rk Gnas Ndfip2 

Zdhhc21 Rpl22l1 Rchy1 Yipf4 

LOC108348989 Cdk2 Arf4 RGD1310352 

Hnrnpa2b1 Acyp1 Cldnd1 Ddx6 

Ola1 Snrpel1 Zfp266 Acap2 

Cspg5 Med30 Eif4a2 Med13 

Pabpc4 Dnajc24 Fam76a Zkscan1 

Rpl4 Tmcc3 Ndufc2 Etfdh 

Rpl27 Ppp1r2 Dip2a Pdia4 

Ppia Ctnnd1   Reep3 

Tial1 Med23   Sbds 

Nup107 Alg10   Sppl2a 
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Sumo2 Fam168b   Kdm7a 

Cdkn2c Memo1   Tob1 

H2az2 Kpna2   Ireb2 

Eloc Rpf1   Mpc2 

Pdpk1 Pole4   Stxbp3 

LOC100362027 Tmed2   Trmt1l 

Pfdn4     Pnrc1 

Dhx9     Anks1b 
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Appendix B: Supplementary Material for Chapter 3 
 

 
Figure B.1: Determining the change in 3’UTR length in NSCs in response to differentiating 
on a stiff substrate. The nucleotide length of the 3’UTR enriched on stiff substrate is compared 
to the one enriched on soft.  
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Figure B.2: There are more 3’UTR isoforms of eEF1A1 that are shorter in NSCs 
differentiating on stiff substrate relative those on soft. A shorter 3’UTR leads to a higher 
chance of them being translated. A longer 3’UTR results in the presence of more ARE sites, 
leading to less stable RNA.  
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Figure B.3: Treating NSCs for 24 hours with Torin1, mTOR inhibitor. (A) Addition of 
Torin1 lowers pAKT activity while not influencing total AKT. pAKT is an indicator of mTOR 
activity) (B) Live/Dead assay showing adding Torin1 does not impact viability. C) Addition of 
Torin1 decreases neurogenesis.  
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Appendix C: Application of CRISPRi genome screen to 
identify novel factors involved in the mechanosensing of 
NSCs 
C.1 Background 

Previous work in our lab demonstrates that the stiffness of the brain matrix 
regulates neurogenesis. Specifically, when NSCs are cultured on soft substrates, there is 
an increase in neurogenesis, but when cultured on stiff substrates, neurogenesis 
decreases35,36 . To elucidate this mechanism, we performed RNA sequencing (RNA-seq) 
to identify which genes are more highly expressed or repressed on either stiff or soft 
substrates. From the RNA-seq results, we identified that more genes are upregulated on 
stiff substrates compared to soft and that knocking down the expression of these genes 
leads to an increase of neurogenesis on stiff substrates. However, we still have yet to 
establish a relationship as to how stiffness is regulating the expression of these genes, and 
the activity of other players that differ in activity beyond the post-transcriptional level. 

Recent advancements in genome engineering using CRISPR-Cas9 technology 
have allowed us to functionally annotate the genome and elucidate the role genes have in 
regulating cell behavior, directly linking the genotype of the cell to a phenotype of 
interest120. By using a catalytic inactive version of Cas9, referred to as dCas9, coupled 
with a Krab co-transcriptional repressor domain, we can transcriptionally silence gene 
expression without making changes to the DNA121. This dCas9-KRAB fusion system 
genetic perturbation technique is referred to as CRISPR interference (CRISPRi). With 
this technology, we performed a CRISPRi-genome wide screen to identify novel gene or 
genes that when knocked down, increase neurogenesis on stiff substrates. 

C.2 Generating cell lines for performing CRISPRi knockdown screen 

Development of mouse reporter line for selecting GFP+ (neurons) cells 

To sort the cells that have undergone neurogenesis from other cell populations, I 
generated a GFP reporter line in mouse neural stem cells that fluorescence  when cells 
express Tubb3, a common neuronal marker (Figure C.1). To assure that the GFP signal 
directly correlates with Tubb3 expression, I used CRISPR/Cas9 gene editing coupled 
with homology directed repair (HDR) to insert the cassette directly downstream of the 
Tubb3 gene. Thus, GFP expression is regulated by the endogenous Tubb3 promoter. An 
overview of the schematic can be seen in Figure C.2.  
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Figure C.1: Strategy for sorting neurons from population of differentiated NSCs. 

Briefly, CRISPR/Cas9122 is used to cut the double stranded DNA right before the 
stop codon, which increases the chances of HDR to occur. The pX330 (Addgene plasmid 
#42230) that encodes Cas9 machinery was used with a sgRNA (Table C.3) that targets 
the Tubb3 locus. A donor plasmid was also used that has to homology arms that perfectly 
align to the sequences surrounding the cut site as seen in Supplemental Figure C.2.  The 
Oct-4-P2A-GFP plasmid (Addgene # 31938) was used and the homology arms that target 
the Oct4 gene were replaced with homology arms that target Tubb3. These arms were 
amplified from mouse genomic DNA (Primers used listed in Table C.3). Thus, through 
HDR, the cassette inserts itself in place of the stop codon (which is now at the end of the 
GFP sequence).  

 

 

Tuj1	reporter	
mouse	NSCs GFP+	neuron
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Figure C.2: Strategy to inserting GFP downstream of Tubb3 endogenous gene. Using 
CRISPR-Cas9 to induce a double stranded break (DSB), a donor construct provided by another 
plasmid was inserted to replace the stop codon.  

To generate the reporter line, we nucleofected four million naïve mouse neural 
stem cells with 2.5 ug of pX330-Cas9-Tubb3-sgRNA plasmid and with 7.5 ug of the 
Tubb3-P2A-GFP donor plasmid. The following day we began selecting the cells with 0.6 
ug/ml of puromyocin for one week prior and then sorted into cells onto a 96-well well 
using the serial dilution method123. The single-cells were cultured for approximately three 
weeks prior to expansion. The genomic DNA from each clonal cell was extracted and 
underwent genotyping analysis. Schematic of the genotyping strategy can be seen in in 
Figure C.3 with the primer sequences in the Table C.1.  

 

 
 
Figure C.3: Strategy for genotyping clonal cells for generating reporter line. Three sets of 
primers were designed to target different regions of the insert.  

 

Primer Set Band Size 

Primer Set 1 3.5 kbp  / 3.5 kbp and 600 bp (homozygous only / 
heterozygous) 

Primer Set 2 1.3 kbp 

Primer Set 3 1.2 kbp 

Table C.1: Expected primer size of each of the primer sets used to genotype clonal cell lines.  

Of the following 70 clonal reporter cells screened, only one had a successful 
insertion with no mutations in the 5’ and 3’ ends of the donor cassette (Primer Set 2 and 
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3) and was a homozygous insertion (Primer set 1). An example of the sequencing and gel 
results is seen in Figure C.4:  

 

 

Primer	set	1

WT KI

Primer	set	3

Primer	set	2

◁ KI:	3500	bp

◁ WT:	600	bp

◁ KI:	1300	bp

◁ KI:	1200	bp

2

a)

b)

c)
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Figure C.4: Verifying genotyping results using Sanger Sequencing and PCR. Wildtype (WT) 
should only show one amplicon as seen in the top image. Primer set 1 indicates there is no 
insertion (since the band is 600 bp long). Knock-in (KI) shows three bands where there is 
amplification from Primer set 2 and primer set 3 where one primer binds to the foreign DNA and 
the other primer binds to the mouse genomic DNA. Second image below is example showing no 
mutations occurred during homologous directed recombination. 

 

Figure C.5: FACS results verifying reporter line. Top images shows how each population 
from either Naïve and reporter (labeled C1-P2-G9) were gated. The bottom shows the 
fluorescence shift comparing reporter line to naïve. In Population 1, we see a shift in intensity 
signal in FITC-A, indicating the presence of GFP in C1-P2-G9.   

We also verified there is GFP signal from these cells using FACS (Figure C.5.) 
and staining for another neuronal marker, doublecortin Figure C.6., which showed strong 
GFP colocalized in neurons. Thus, this reporter line was used for the continuation of the 
screen.  
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Figure C.6: Immunostaining images of NSCs differentiating after 6 days. Red = doublecortin, 
green = GFP, and blue = DAPI. Scale bar is 100 uM.  

Lentiviral packaging of  plasmid(s) encoding dCas9-KRAB fusion protein and the 
single guide RNA library 

To generate the dCAS9-KRAB cell line, I first packaged a plasmid encoding this 
fusion protein complex (Addgene #83890) into lentivirus. I then cloned the sgRNA 
library (Addgene 83987), which consists of 3 sgRNA per gene along with 1000 non-
targeting sgRNAs, into the pCRISPRia-v2 backbone (Addgene# 84832). Thus in total, 
approximately 109,000 sgRNAs were cloned into the plasmid. We then electroporated 
the sgRNA library into MegaX DH10B cells to determine the library diversity and 
determined an efficiency of more than 4800 colonies per sgRNA in the library. This 
efficiency is greater than the minimum coverage requirement (100 colonies per sgRNA) 
allowing us to move forward with this library.  
 
 
 
 
 
 
 
 
 
 
 
 

DCX GFP DAPI

Merged GFP DCX

3
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C.3 In vitro selection screen for sgRNAs that knockdown genes that 
either enhance or suppress neurogenesis 

A schematic of the selection strategy is presented in Supplemental Figure C.7:  
 

 
Figure C.7: Selection strategy for CRISPRi genome wide screen to determine genes that 
enhance neurogenesis.  

The strategy is as follows:  
 

1) I first infected the Tubb3-reporter mouse NSC lines with the lentiviruses 
packaging the dCas9-KRAB plasmid at a multiplicity of infection (MOI) of 1, and 
then selected using 100 ug/ml of hygromycin for approximately one week. 
Afterwards, we continued to maintain the cells in 50 ug/ml to assure that these 
cells were not contaminated by naïve NSCs.  

2) We then packaged the sgRNA library into lentiviruses and infected them into the 
dCAS9-Krab mouse Tubb3-reporter NSC at a multiplicity of infection (MOI) of 
0.3. We chose to do it a low MOI to assure only one copy of each sgRNA infects 
one cell. These cells were then FACS sorted for BFP (which is the selection 
marker for sgRNA library).  

3) I then seeded the NSCs in multiple 15cm dishes at a confluence density of 
10k/cm2. After culturing overnight in proliferation conditions, we began 
differentiating them in mixed differentiation conditions (5 ng/ul of FGF2 + 1 uM 
retinoic acid). At the end of the 6 day differentiation time period, we harvested the 
cells and sorted for GFP+ and GFP- cells using FACS. We then extracted the 
genomic DNA and PCR amplified the region that contained information about the 
sgRNAs enriched in each condition. These were then sent off for deep sequencing 
at the Vincent J. Coates Genomic Sequencing Lab using NovaSeq 6000 (in 150 
bp paired-end reads).  

 

Tuj1	reporter	
mouse	NSCs GFP+	neuron
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We performed this CRISPR screen twice to assure the results were consistent 
among biological replicates (Figure C.8.a). The results of the deep sequencing analysis 
were first trimmed using Cutadapt to eliminate the adapter sequences. The reads were 
then aligned using a fastq_to_counts.py source code which uses Bowtie alignment to 
align to reference table containing all the sgRNAs targeting the mouse genome124. Once 
we got the counts, we then determined the sgRNA and gene phenotype score and the p-
values using process_experiments.py function124. The gene phenotype score of each gene 
is determined by averaging the read count of all the sgRNAs that target that specific gene 
for each replicate. This value is then averaged among both replicates.  

A volcano plot depicting the results can be seen in Figure C.8.b. The results on 
the left side of the plot are those that when knocked down, suppress the expression of 
Tubb3. Thus these genes may be involved in enhancing the expression of Tubb3, and 
neurogenesis. The results on the right side of the plot are those that when knocked down, 
enhance the expression of Tubb3. Thus these genes are involved in suppressing the 
expression of Tubb3 and thus neurogenesis.  

 

 

Figure C.8: CRISPRi genome screen results. (A) Scatter blot verifying the two biological 
replicates have similar sgRNA enrichment (GFP+ and GFP-) (B) Volcano plot showing the 
results of CRISPRi screen with the x-axis indicating the knockdown phenotype, which is the 
log2fold change of sgRNA expression between GFP+ vs GFP-, and the y-axis is the log10p-value. 
The left side of the plot represents genes that are important for neurogenesis (meaning knocking 
them down lowers neurogenesis) and the right side of the plot represents genes that suppress 
neurogenesis (meaning knocking them down enhances neurogenesis).  

The way the analysis identifies hits is first comparing the fold change enrichment 
(also referred to as the gene phenotype score) of each gene found in the GFP+ and the 
GFP- populations. To determine the significance of the hits, the fold change among all 
the sgRNA is compared to the fold change of the negative control sgRNAs in each of the 
population. Thus the curve shows the p-value cut-off for the top hits (which is depicted 
by the dash line in the volcano plot). This approach allows us to only focus our attention 

AMOT

eEF1A1

a) b)
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on the top hits from the screen. The results of the top genes from each population as seen 
below: 
Table C.2 Gene identity, function, and phenotype score of the top 10 enriched genes from 
the GFP- population  

Gene Name Gene 
Symbol 

Phenotype 
Score 

Gene Function 

Fry Like Transcription 
Coactivator 

FryI -2.1782372 
 

Involved in regulating cell polarity during 
morphogenesis and neuron projection. Also has 
roles in regulating the actin cytoskeleton and 
dendritic branching.  

Plasminogen Activator, 
Urokinase 

Plau -2.078362 Encodes a secretase that converts zymogen 
plasminogen into active enzyme plasmin. While 
mostly studied in the context of blood 
coagulation, there is recent literature implicating 
its role in the Wnt signaling pathway125.  

Olfactory receptor 1000 Olfr1000 -2.0559506 
 

A member of the olfactory receptor group 
mostly known for initiating a neuronal response 
to smell. These proteins are members of the G-
protein-coupled receptor (GPCR) group.  

Transmembrane protein 
238 

Tmem23
8 

-1.4807463 Not much is known about this protein besides 
it’s a transmembrane protein and interacts with 
Hnrnph1 

Phosphatidylinositol-
3,4,5-Triphosphate 
Dependent Rac 
Exchange Factor 2 

Prex2 -1.4776331 Facilitates the exchange of GDP for GTP on 
Rac1 

Neuramindase 2 Neu2 -1.4745996 Involved in a family of glucohydroytic enzymes 
which removes siiac acid residue from 
glycoproteins and glycolipids 

Glycoprotein M6A Gpm6a -1.441394 
 

Invoved in a multitude of pathways including 
mitogen-activated protein kinase (MAPK) 
pathway and Src signaling pathway. Speculated 
to pay a significant role in enabling calcium 
channel activity during stem cell differentiation 
and neuron migration. Inhibition of this gene 
through histone deacetylase 5 inhibits neurite 
elongation126.  

DnaJ Heat Shock Protein 
Family (Hsp40) Member 
B4 

Dnajb4 -1.3295283 Has a multitude of roles in tumor suppression 
and binding to E-cadherin to target to plasma 
membrane. 

Vascular endothelial 
Growth Factor B 

Vegfb -1.2985311 
 

Involved in the family of proteins that regulate 
the formation of blood vessels and has been 
implicated to play a role in the survival of CNS-
derived neurons. Furthermore, knockdown of 
this gene is shown to impair adult hippocampal 
neurogenesis127  

Microfibril associated 
protein 4 

Mfap4 -1.2885311 
 

Has binding sites specifically for both collagen 
and carbohydrates and thought to be an 
extracellular protein involved in cell adhesion 
and other intracellular interactions  
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Table C.3 Gene identity, function, and phenotype score of the top 10 enriched genes from 
the GFP+ population  

Gene Name Gene 
Symbol 

Phenotype 
Score 

Gene Function 

Transmembrane Protein 
151a 

Tmem15
1a 

3.33548341 
 

A transmembrane protein localized in the 
endoplasmic reticulum which plays a crucial 
role in Ca2+ mobilization and dynamics 

Nicotinamide adenine 
dinucleotide (NAD) 
Synthetase 1 

Nadsyn1 3.28489894 NAD is involved in metabolic redox reactions 
and involved in protein in posttranslational 
modifications. NAD Synthetase catalyzes the 
final step of NAD biosynthesis from nicotinic 
acid adenine dinucleotide 

SCY1 Like Pseudokinase 
2 

Scyl2 3.21579851 The protein encoded by this gene regulates 
clathrin-dependent trafficking at the plasma 
membrane. Also has functions in the Wnt 
signaling pathway by targeting frizzled 5 (Fzd5) 

Notch Receptor 1 Notch1 3.16449785 Encodes a protein that is involved in the 
NOTCH family of proteins. Notch signaling 
pathway is an evolutionary conserved pathway 
that regulates the interactions between other 
cell types through Notch ligand interaction. 
Inactivation of Notch signaling has been shown 
to induce neurogenesis but depletes NSC 
population20. 

Olfactory receptor 544 Olfr544 2.80609287 Regulates cellular energy and metabolism 
G Protein-Coupled 
Receptor 21 

Gpr21 2.80601045 A member of the G-protein-coupled recetor 
family which activates signaling pathways in 
response to extracellular stress. The protein 
translated from this gene is shown to activate 
Gq signaling transduction pathway and 
mobilize calcium.  

Ring Finger Protein 157 Rnf157 1.63167091 Involved in enabling ubiquitin protein ligase 
activity. Prevents apoptosis and promotes 
survival of neurons through ubiquitination of 
APBB1 for its degradation.  

Interleukin 1 Receptor 
Associated Kinase 1 

Irak1 1.59472811 Interacts with the interleukin-1 receptor and 
plays a role in innate immune response against 
foreign pathogens. Through interactions with 
protein BAP31, Irak1 modulates inflammatory 
cytokines and cognitive impairment induced by 
neuroinflammation.  
  

Transformation related 
protein 53 

Trp53 2.166070439 The protein (p53) encoded by this gene 
responds to cellular stress to target genes that 
induce cell cycle arrest, apoptosis, 
senescence, DNA repair, or changes in overall 
cellular metabolism. Other work has shown that 
knockdown of this gene results towards biased 
in neuronal precursors128.  

Heme oxygenase 1 Hmox1 2.0931798 This gene encodes a protein involved in heme 
catabolism and one of the cytoprotective 
enzymes induced by many stimuli including 
oxidative stress.  
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C.4 Discussion and Future work 

Overall, the CRISPR screen served as a way to validate some previous results 
from the lab in linking the cues emitted from substrate stiffness to NSC fate commitment. 
For example, Angiomotin (AMOT) showed up as a hit in the GFP- population. Previous 
work in our lab showed that knockdown of AMOT resulted in a suppression of 
neurogenesis (using Tubb3 expression to measure neurogenesis) on both soft and stiff 
substrates and that the rescue of the protein increased neurogenesis67. Furthermore, 
eEF1A1 showed up as a hit in the GFP+ population, meaning when knocked down, 
increases Tubb3 expression (and thereby neurogenesis). As discussed in Chapter 2, 
eEF1A1 was found to be upregulated on stiff substrates relative to soft and its expression 
suppresses neurogenesis.  

However, another protein our lab has studied, YAP40 was not found to be 
differentially expressed in either of the populations. There could be several reasons as to 
why. One reason could be that we used mouse NSCs in this study and these cells may not 
respond in the same manner to mechanical cues as rat neural stem cells (the cell type used 
in that paper). We can test this hypothesis by either seeing if we see YAP upregulation on 
stiff substrates versus soft substrates or if YAP knockdown in mouse NSCs influences 
neurogenesis to the same degree as they do in rat neural stem cells.  

CRISPR screens serve as way to identify novel candidates involved in a 
regulating a phenotype of interest in a more high-throughput manner. Some of the top 
hits listed in Table C.2 and C.3 have not been exploded in the context of NSC fate 
commitment or mechanobiology and thus would be interesting to further investigate their 
involvement in either of those fields. Some interesting hits (such as Neu2 and Olfri544) 
are involved in metabolism which is a process involved in both mechanotransduction and 
stem cell fate commitment. However, it is not yet known whether if influencing 
metabolism influences the ability of stiffness cues to regulate NSC fate commitment.  

Furthermore, some of the hits identified from the screen have been identified to 
play a prominent role in NSC fate commitment. One example is Vegfb which previous 
work has shown that knockdown of this gene decreases NSC differentiation to 
neurons127. This gene showed up in the GFP- population, and verifying this gene is 
important for regulating neurogenesis. Two other genes heavily studied to be involved in 
neurogenesis showed up in GFP+ population. One of these genes, Notch1, serves as a 
receptor for Notch ligands and involved in the Notch signaling pathway. When knocked 
down, there is an overall increase in neurogenesis20, similar to our CRISPR screen 
results. Interestingly, Notch1 has been explored as mechanosensor in adult arteries, 
serving a way to fluid sense shear stress in the vascular wall of heart valves129. In 
addition, Trp53 gene which expresses p53 also has been involved in regulating 
neurogenesis. Knockdown of this gene results in both an increase in proliferation, and 
neuronal differentiation128. This gene has also been heavily studied in the context of 
cancer, specifically brain tumors, as mutations of this gene result in aberrant expression 
of genes involved in cell cycle arrest, apoptosis, etc130,131. Thus, fundamental 
understanding of p53 will further advance our knowledge in not only brain development, 
but also tumorigenesis.  
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One of the biggest drawbacks of the setup of the screen is that the genes we 
identified in the GFP- population are those we propose are important for neurogenesis 
(because knocking them down results in no Tubb3 expression). However, these genes 
could just be involved in regulating the fate to other lineages or enhance 
proliferation/impair differentiation. Similarly, this can be said for the GFP+ population 
where some of the hits may just influence the transition from stem cells to neurons cells 
but not influence their fate. Lastly, our setup to identify neurons is based on the paradigm 
that Tubb3 is expressed in the neurons. However, some of the hits either in the GFP- and 
GFP+ population may just regulate the expression of Tubb3, and not neurogenesis. A 
follow up verification study of the hits is necessary to corroborate whether they do 
influence fate commitment, and not just Tubb3 expression. This can using another marker 
for immature neurons such as double-cortin (DCX).  

Another caveat with our screen results is that we do not know if the hits identified 
from the screen are associated with the mechanosensation of NSC differentiation to 
neurons. The CRISPR screen was conducted on a stiff substrate, and while we know that 
on stiff substrates there is a suppression of neurogenesis, we do not know if the hits 
identified are involved in the mechanosensation of NSC to neurons or just involved in 
regulating neurogenesis. While it is promising that two hits (AMOT and eEF1A1) 
showed up in these results that have been explored in the mechanosensation of NSC 
differentiation, we need to further validate whether any of the other hits identified do so 
as well. One way is to measure the expression or activity level of any of these hits or any 
downstream effectors of the hits (if the hit is a transcription factor or kinase) and 
determine whether we see any differences among soft versus stiff substrate. We also do 
have RNA sequencing data of NSCs cultured on soft versus stiff substrates (both in 2D 
and 3D) during early differentiation. We could determine whether any of the hits are 
involved in regulating the expression of some of the differentially expressed mRNA 
transcripts identified in these RNA-seq results. In addition, more future work for this 
project includes combining the hits (after they are validated) to see if they work together 
mechanistically to dictate fate commitment by regulating the mechanosensation of NSCs.  
 

C.5 Supplementary Material 

Table C.4: Primer sequences used to generate and verify reporter line  

Primer Name Sequence (5’ to 3’) 
Tubb3-sgRNA_FWD CACCGAGCTGCGAGC AAC TTCACTT 
Tubb3-sgRNA_REV CACCGAGCTGCGAGCAACTTCACTT 
Tubb3_L-HA-FWD TCACCCTGCAGGGGGGCACAGGCTCAGGCATG 
Tubb3_L-HA-REV AGCAGCTAGCCTTGGGCCCCTGGGCTTCCG 
Tubb3_R-HA-FWD GGGCGGCGCGCCAGTTGCTCGCAGCTGGGGTG 
Tubb3_R-HA-FWD GTAGGCGGCCGCGGAAGAATGCTGGATATGAG 
 

Table C.5: Primer sequences used for genotyping analysis 

Primer name Sequence (5’ to 3’) 
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Tubb3-PS1_FWD AGA TGT CGT GCG GAA AGA GT 
Tubb3-PS1-REV GAA CTT CAG GGT CAG CTT GC 
Tubb3-PS2_FWD GCC TGA AGA ACG AGA TCA GC 
Tubb3-PS2_REV ATG GAG CCA GTA CAG GGT TG 
Tubb3-PS3-FWD GTC AAG GTA GCC GTG TGT GA 
Tubb3-PS3-REV TCT CCA ATA CCA GGC AGA GG 
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